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CHAPTER 1. INTRODUCTION

INTRODUCTION

The use of tire rubber in asphalt pavement materials is being investigated since the 1960’s. Main
objective of highway engineers was to enhance the properties and performance of conventional
bituminous materials and mixtures with the use of rubber from scrap tires. Charles McDonald
started his work in the early 1960's developing a highly elastic maintenance surface patch material
by using crumb rubber. Asphalt-rubber modified mixtures were used in Sweden since the early
1970°s. In 1968, Arizona Department of Transportation (ADOT) placed its first stress absorbing
membrane, (SAM), using an asphalt rubber binder, followed by the placement of a stress
absorbing membrane interlayer in 1972, (SAMI), and a hot mix asphalt open graded friction course
with an asphalt rubber binder in 1975. The environmental concerns related to the disposal of an
estimated 240 million passenger vehicle tires and 40 millions truck tires discarded each year in the
U.S. and the 1991 ISTEA mandate on the tire rubber use in federally founded projects generated a

significant momentum and interest in the investigation of rubber modified materials.

Today, several State D.O.T s are being investigating the use of tire rubber with local conventional
materials, including Alaska, California. Kansas, Massachusetts, New Jersey, New Mexico, New
York, Oklahoma, Rhode Island, South Dakota, Tennessee, Texas, Utah and Washington. The two
basic methods of adding crumb rubber to asphalt paving materials are the wet and the dry
processes. In the wet process the finely ground rubber is added into the hot asphalt cement at high
temperaturé to create a rubberized asphalt binder which may then be mixed with the aggregate.
Depending on the mixture and material characteristics the rubber content may range between 18 to
25% by the weight of the binder. The dry method. developed in the late 1960's in Sweden and
patented under the trade name of "Rubit” and "PlusRide" in the U.S., involves the use of relatively

large rubber particles (1/16 in to 1/4 in) to replace a portion of the conventional aggregate,
typically 3 to 4 percent by the weight of the mixture.



A variety of applications are being identified for the use of rubber modified materials. Examples
include: asphalt rubber concrete, where asphalt cement and finely ground tire rubber particles are
mixed to create a rubberized asphalt binder which is then mixes with the aggregate: rubber-filled
systems. in which rubber from granulated tires is blended with aggregate and then with the asphalt
cement, (such as the Plus Ride and Chunk Rubber Asphalt Concrete, CRAC. mixtures); rubber-

aggregate blended with conventional aggregate for sub-base layer material;, use of asphalt rubber

binder for seal coats. chip seals, surface treatment. interlayers.

Several of the ongoing investigations identified potential benefits from the use of these materals,
including improvements in material properties and performance. For example, when the rubber
particles substitute portion of the conventional aggregate, they act as an elastic aggregate that flex
on the pavement surface under tfaﬁic loads. Results of several pilot projects shown that the
inclusion of rubber into asphalt mixtures improved physical characteristics such as elasticity,
flexibility, rebound, and aging properties, increased fatigue resistance, improved retardation of
reflective cracking, reduced rutting potential, improved skid resistance, and increased durability. As
a consequence, several DOTs are using routinely rubber modified and rubber filled materials since
they find them advantageous for specific applications. For example, Arizona is being using asphalt
rubber as a crack sealant since the 1970s. California uses routinely asphalt rubber on approximately

10% of the pavement projects. Connecticut is using asphalt rubber for crack sealant and overlays.

Texas is using routinely this material for crack sealant.

However in some instances, and due to several shortcomings related to the high initial materal
preparation cost, mixing and production barriers, questionable results regarding the long term
material performance, lack of appropriate thickness equivalency ratio between conventional and
asphalt rubber materials, recyclability of asphalt containing rubber, and other, the use of tire rubber
materials is not always being recommended. Today, several projects are initiated by highway
agencies for addressing these issues and identifying possible applications. One of the major

problems is being associated with the transferability of asphalt rubber technology without
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appropriately considering the effects of the variety of conventional materials on mixture tehavior
and performance. Typically, the design of these mixures is being adapted to the physical properties

of the conventional materials by using the empirical Marshall mixture design and sithout

considering fundamental mixture behavior and performance.

As expected. npe and origin of asphalt cement, type and characteristics of aggregate affect rubber
modified mixture properties. Thus, asphalt-rubber compatibility, material properties and behavior,
mix design methods, and field performance should be considered in determining the best and most
economical rubber modified mixture by using local conventional materials. The rubber modified
mixture should be able to withstand specific range of loading and environmental conditions
depending on the region that is used, and without excessive permanent deformation, fatigue, and
cracking leading to premature deterioration. Current mix design methods should be revised so that
mixture properties and/or behavior are evaluated through laboratory tests, and directly linked to
mixture performance. Use of design selection criteria related to the most common modes of failure
for asphalt mixtures, such as rutting, fatigue cracking, and low temperature thermal cracking have

to developed and used for identifying the “best mixture,” in terms of performance, for the specific
local materials and loading conditions.

RESEARCH OBJECTIVES

New Jersey Department of Transportation is being investigating the use of rubber modified
materials over the last years with the design and use of dense and gap graded mixtures, and in same
cases the incorporation of RAP materials, in selected projects. While the short term field
performance of these materials is being satisfactory, their long term performance is unknown.
These mixtures were designed with the traditional Marshall mixture design method, and thus it was
not considered design criteria related to mixture behavior and performance into mixture seiection.
The main objective of this study is the development of a mixture design methodology for rubber

modified materials that considers mixture behavior and performance. In order to achieve this
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objective a laboratory investigation able to evaluate mixture properties that can be related to
mixture performance, (in terms of rutting. low temperature cracking, and fatigue), and simulating
the actual field loading conditions that the material is being exposed to, was conducted. The
possibility of coupling the traditional Marshall mix design method with parameters related to
mixture behavior and performance was investigated since this technique is being used over the
years by the agency, and the necessary testing apparatus is available to both the agency and
material laboratories. The SHRP SUPERPAVE mix design methodology was reviewed and
considered in this study for the development of an integrated performance based design procedure.
However, its applicability and use on routine bases was not considered at this time since it requires
specific equipment with ongoing evaluation for its repeatability and precision. Finally, for the

conduct of this investigation materials and mixtures used by NJDOT in rubber modified paving

projects were used.

The steps undertaken during the first phase of the study for achieving these objectives follow.

conduct an extensive literature review on past and current experience of States with rubber

modified paving materials. Both laboratory and short and long term field performance results
were focused;

contact NJDOT material suppliers and collect conventional materials and crumb rubber used in
NIDOT projects;

evaluate material properties including conventional and rubber modified binder characteristics,
crumb rubber and aggregate properties. The evaluation of the rubber modified binder included

an evaluation of the reaction curve and the effects of aging on binder properties through the

use of factorial experiments;

identify measurable mixture behavior parameters able to be coupled with the Marshall mix

design methodology. In this step rubber modified mixtures were designed and examined with



the Marshall mix design method and parameters such as stiffness, toughness. and absorbed

energy were evaluated. Comparison with conventional mixtures were conducted as well for

relevant conclusions;

identify and select a reliable test to be used in the mixture design methodology able to evaluate
mixture properties that can be related to mixture performance, and simulating the actual field

loading conditions that the material is exposed to. Both static and dynamic-repeated load tests
were considered in this step;

design and perform laboratory factorial experiments for determining the best testing conditions,

in terms of testing temperature and loading characteristics.

identify methods for evaluating the long term performance of asphalt rubber mixtures.
Prediction models in terms of rutting, low temperature cracking, and fatigue, to be used in the

development of the integrated mixture design methodology were reviewed. The distress

models used in the SUPERPAVE mix design were considered as well,

integrate a data acquisition system to the conventional Marshail apparatus and the repeated-

load testing machine for continuous monitoring of testing parameters and automation of
testing;

For meeting the objectives of this research study the following steps are undertaken during the

second phase of this research:

e extent factorial experiments with additional NJDOT asphalt rubber mixtures;

o complete and finalize the integrated mixture design methodology and identify the criteria and
steps of  the methodology;,



o present the results from the coupling of Marshall mix design with mixture behavior parameters:

» develop guidelines with easy-to-use flow charts for the integrated mix design methodology;

ORGANIZATION OF THE REPORT

This report presents the results and analysis undertaken during the first and the second phases of
the study. The first chapter presents a brief historical review on the status and experience of rubber
modified materials in the U.S., along with the research objectives and a description of the
organization of this report. Chapter 2 provides the results from the extensive literature review on
these materials. The review includes information and resuits from studies examining and
addressing: crumb rubber processing and characteristics; asphalt-rubber binder preparation and
evaluation techniques; applications of rubber modified mixtures; factors affecting asphalt-rubber
mixture characteristics, mixture and sample preparation characteristics; and design and field
performance of rubber modified mixtures. In addition, a review of the available laboratory testing
methods for asphalt mixtures was conducted. The review included both static and dynamic tests,

along with past experience regarding their repeatability, ability to evaluate mixture properties and
simulate actual field conditions.

The third chapter, Chapter 3, presents the laboratory study undertaken for achieving the study
objectives. Details on matenial characteristicé, and the factorial experiments for binder and mixture
evaluation according to Marshall, static and repeated load indirect tensile, diametrical fatigue, and
repeated-load creep testing for conventional and rubber modified mixtures are provided along with
a description of the testing conditions. Chapter 4, presents the results of the asphalt rubber binder
evaluation and the Marshall resuits along with a comparison of rubber modified and conventional
mixtures. Chapter 5, presents the analysis undertaken for coupling Marshall with measures of
mixture behavior related to mixture performance. Results on absorbed cnergy, stiffness, and

toughness of the modified and conventional mixtures are being reported. Chapter 6, presents the



results from the static and repeated load indirect tensile tests. Instantaneous and total resilient
modulus were evaluated for both asphalt-rubber (the wet process) and rubber-filled (the PlusrRide
1) mixtures at different temperature and stress levels. These results were used in mixture
performance evaluation and subsequently in the design methodology development. Chapter 7,
presents the fatigue and the creep testing results. These results are used with performance models
to develop the integrated mix design methodology. Chapter 8, presents the integrated mix design
methodology. The results frcm the analytical analysis for pavement structure design, stress-strain
analysis, and pavement perforrhance are presented. Pavement performance models (for excessive
subgrade deformation, fatigue, rutting, thermal cracking and moisture damage) are identified and
used. The analytical and laboratory results are used in the integrated mix design development.

Finally, Chapter 9 presents the summary, conclusions and recommendations.






CHAPTER 2. BACKGROUND

INTRODUCTION

Over the years the use of tire rubber in asphalt binder and mixtures is being examined for
specific applications since the incorporation of rubber could produce some degree of binder and
mixture enhancement. In recent years, and with the increasing problem of disposing tires and the
mandatory use of tire rubber in federaily funded projects by the 1991 ISTEA, a significant effort
was undertaken nationwide for investigating and evaluating the cost effectiveness, properties and
performance of rubber modified mixtures. In this chapter, a comprehensive literature review on past
and current applications and experience with rubber modified paving materials is being presented.
Crumb rubber characteristics, process techniques, and interaction with asphalt binder and muxtures
are presented. In addition, this chapter presents available asphalt mixture evaluation techniques and
specimen characteristics, and potential modifications for asphalt rubber mixtures. Such review will
provide the input for selecting the most appropriate and suitable testing technique for asphalt-rubber
modified mixtures. Finally the effort undertaken by several DOTs for designing asphalt-rubber

mixtures are discussed along with a description of the factors affecting mixture characteristics.

CRUMB RUBBER CHARACTERISTICS

Tire rubber is primarily a composite of a number of blends of natural rubber, synthetic
rubber, and carbon black. Natural rubber provides the elastic properties while the synthetic rubber
improves the thermal stability of the compound. Depending on the composition different types of
tires rubber may be obtained. Crumb rubber is produced from scrap tires processed by different
methods providing alternative sizes, surface area characteristics, particle shapes, and gradation.

These parameters affect the rubber asphalt interaction when a modified asphalt binder is to be
designed.



Typically, there are four processing technique for producing crumb rubber (Heitzman
1992). The Crackermill process is the most common method. It tears apart scrap tire rubber by
passing the material between rotating corrugated steel drums to reduce its particle size. The
Granulator process sheers apart the scrap tire rubber, cutting the rubber with revolving steel plates
that pass at close tolerance. The Micro-mill process reduces the crumb rubber to a very ground
particles by first mixing the rubber with water, and then forcing the slurry rubber between rotating
abrasive discs to produce finer crumb rubber. These three production methods take place at ambient

temperature. At the opposite, the cryogenic process involves “freezing™ the scrap tire so as to crush

in small particles the brittle rubber.

Each one of these method produce crumb rubber particles with specific characteristics. The
Crackermill process produces irregularity shaped particles with large surface area. The Granulator
process produces cubical, uniformly shaped particle with low surface area and the Micro-miller
process produces very fine ground crumb rubber. The Cryogenic process is too costly and not
frequently used. The desired surface area characteristics, size and shape of the crumb rubber for a

particular project will determine the best method for processing of scrap tire.

Crumb Rubber: Testing, Suggested Specifications and Quality Control Guidelines

Suggested material specifications for crumb rubber to be used as a modifier in asphalt
binder and mixtures were presented in a recent FHWA report (Heitzman 1992). Some of the
applicable standards for this material include: the AASHTO Standards M17 for mineral filler for
bituminous paving mixtures, T2 sampling aggregate techniques, T27 sieve analysis of fine and
coarse aggregate, and T225 total moisture content of aggregate by drying; and the ASTM Standards
D242 mineral filler for bituminous paving mixture, C136 sieve analysis, D297 chemical analysis of
CRM (natural rubber content). The suggested FHWA specifications identify that crumb rubber
from any combination of passenger and truck tires may be used and it should be free of steel, fabric
or other deleterious substances. The fiber content shall be less than 0.5 % (by weight), and the

moisture content less than 0.75 % by sample weight. The crumb rubber gradation shall meet one of



the gradations presented in Table 2.1. The specific gravity of the crumb rubber shall be 1.15 (+

0.05), and the crumb rubber composition shall meet the following limits:

- Natural rubber 15-30 %
- Carbon black 25-38 %
- Ash 8 max

- Acetone extract 10-18 %
- Rubber hydrocarbon 40-50 %

The crumb rubber gradation is to be tested according to ASTM C136 using a 50 gram
sample, and the fiber content is to be determined by weighing the fiber particles that are formed
during the gradation evaluation. The metal content is to be determined by passing a magnet
through a 50 gram sample, while the moisture content, to be determined according to AASHTO
T255, should take place in a conﬁoﬁed temperature oven at 60°C (140°F) and with a 50 gram
sample. The mineral contaminant content is to be determined by a saline float separation. A 50
gram sample is stirred in one liter glass beaker filled with saline solution, one part of table salt into

three parts of distilled water, and then the sample is allowed to pose for 30 minutes. The mineral

contaminant is then the material that does not float on the top of the beaker.

CRUMB RUBBER IN ASPHALT MIXTURES

The two methods of using crumb rubber with asphalt paving materials are the “wet” and
the “dry” process. The first one considers mixing of the rubber with the conventional binder prior of
adding the aggregate into the mixture. The second method, dry process, involves adding the crumb

rubber directly with the heated aggregate prior to the inclusion of the asphalt cement into the

mixture.
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Table 2.1 Suggested FHWA Crumb Rubber Gradations (Heitzman 1992)

Sieve Size

| cam | cama | caman | camav | camv | camvi

—

percent cf weight passing

6.3 mm {1/47) J 100
4.75 mm (No. 4)J 75-100
2.36 mm (No. 8) J 35-50

161.18 mmi{No. 16)J 20-30
600 ym {Na. 30} J
300 ym (No. 50) \

150 ym (No. 100)_|

100
80-100
40-70
0-20

|

oo |
80-100
40-60
0-20

100
70-100
20-40

00
40-60 100
S0-80

—_
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The dry process was developed in late 1960's in Sweden and marketed under the patented name
"Rubit," (Takatlou 1980). The technology was introduced in the United States in the 1970's as Plus
Ride. This process typically uses 3 % by weight granulated coarse and fine rubber to replace some
of the conventional aggregate in the mixture. Some of the advantages/effects that are present in the
literature include: reflective and thermal pavement cracking may greatly be reduced; skid resistance
may increase; structural characteristics of the asphalt muixture are improved; and suppression of
pavement tire noise is expected. No special equipment is needed for this process and both batch and
drum plants, with little modification, may be used to produce crumb rubber modified asphalt

mixtures with this process. In The dry process some reaction between the crumb rubber and asphalt

cement during mixing and compaction time are taken place.

For the wet process the asphalt cement and the crumb rubber are blended together,
providing a new modified binder through the interaction of the materials. This reaction between the
conventional asphalt binder and the crumb rubber is influenced by several factors including: the
bending temperature and time, the type and amount of mechanical mixing energy, the size and
texture of crumb rubber, and the aromatic content of the asphalt cement. When the rubber is mixed
with the asphalt cement, the rubber particles swell (react) causing the viscosity to increase.
However, when the heat is maintained for a prolonged period of time the rubber may melt and
break down, with a drop in viscosity. Maupin (1992) investigated the asphalt rubber interaction by
examining the reaction curve, (i.e.. viscosity versus time relationship), for rubber contents of 3, 10,
and 15 percent with both coarse and fine crumb rubber. In this study a portable Haake viscometer
was used. The rubber was mixed with the asphalt cement and maintained at 177°C (350 °F), while
viscosity measurements were taken at regular intervals for approximately 24 hours. The reaction
curves for coarse and fine rubber are shown in Figures 2.1., and 2.2., respectively. The viscosity
reached a maximum after approximately 1 hour in all cases expect the one containing 15 percent
coarse rubber that appeared to still gain viscosity after 20 hours. For the 10 percent, or less, rubber
content the reaction appears to be almost instantaneous. The results of this study indicated that the
rubber did not appear to break down even after 20 hours, indicating that could be safely stored at

177°C (350°F ). For both coarse and fine rubber the viscosity increased significantly
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between the 10 percent and the 15 percent rubber content. Some difference in the viscosity of the
binder with the coarse and the fine rubber was observed. However the effects at the various rubber

content were the same in both cases indicating that similar behavior is expected in blending
operations in the field.

Asphalt-Rubber Binder Preparation and Testing

A method for preparing asphalt-rubber in the laboratory was suggested by Roberts (1987).
According to this method the following steps are identified:

1. Heat gradually about 1000 ml of asphalt cement. Once the asphalt cement is fluid add another

100 m! of asphalt cement insert into a mixer. Continue heating the asphalt and increase the mixer
speed to 500 rpm.

2. At 190°C (375°F) add the rubber to the flask (within 10 seconds).

3. Continue until the output from the stirrer reaches a uniform level and/or not less than an hour.

Blending time will depend on the rubber type and concentration, and the rubber gradation.

* Once the modified binder is being prepared is ready to be used with the aggregate. FHWA
suggested the use of current standards for evaluating the asphalt rubber binder characteristics. Some
of the standards include: AASHTO Standards M226 Viscosity graded asphalt binders, T49
Penetration of bituminous materials, T51 Ductility of bituminous materials, T179 Effect of heat and
air on asphalt materials; and ASTM Standards D2994 Standard test method for rubberized tar, with
Brookfield Viscometer, D36 Standard test method for softening point of bitumen, D3407

Standard test method for joint sealants, D88 Standard test method for saybolt viscosity,

D92 Standard test method for flash point, D2007 Test method for characteristic groups in

rubber extender and processing oils by clay gel

absorption chromatographic method.



Some of the tests and their modifications reported in the literature for evaluating the
asphalt rubber binder characteriétics are briefly described herein (TTI 1986). In one of the studies a
rotational viscometer was used for preparing the asphalt rubber binder. This system consists of a
constant speed motor with stirrer assembly which is capable of recording torque changes as load
varies on the stirrer. The resulting rotational viscometer is able to measure relative changes in fluid
viscosity during mixing. Through the use of this viscometer the relative viscosity is being measured
over time. The test, Torque Fork Mixer Test, considers slowly heating the asphalt cement while is
being stirred. The mixer speed is increased gradually till 500 rpm. Upon reaching the required
blending temperature the rubber is being added rapidly, within 10 seconds, and the reaction time is

being recorded after all the rubber is being added to the asphalt and the mixer speed is maintained
at 500 rpm throughout the blending process.

Another test that is being used for asphalt rubber binder evaluation is the Haake Viscometer
Test. The Haake is a simple device which measures viscosity by the same principal as the Torque
Fork Mixer, with the exception that changes in torque are monitored by the deflection of a
calibrated spring rather than by increases in electrical current as with the Torque Fork. The Haake
consists of a constant speed motor to which a cylindrical viscometer cup is attached. The cup is
submerged in the asphalt cement. When the motor is started drag forces on the cub are generated as

it rotates in the asphalt cement, and transmitted to the calibrated spring. The viscosity is measured

then in poises.

A third binder evaluation method for asphalt rubber mixtures is the Force Ductility Test, a
modification of the standard ductility test. In this case the tensile load-deformation characteristics of
the binders are measured. The apparatus consists of the standard ductility apparatus, described in
ASTM D113, using briquette specimens that are pulled apart by a tensile force while immerse in a
water bath at 4°C. The force ductility results are reported as load required to cause elongation of the
briquette sample till failure. As the sample is pulled apart, the force increases until it reaches a peak.
Then the force decreases as the elongation of the specimen increases and finally becomes zero, i.e.,

when the specimen ruptures. Figure 2.3 shows an example of the force versus elongation for 4

blends containing 7 percent rubber.
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Figure 2.3 Force Ductility Test Results (Salter 1990)
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Another binder evaluation test used in previous studies for rubber modified mixtures is the
Double Ball Softening Point Test. The test is a modified version of the ASTM ring and ball
softening point test. The apparatus consists of two 3/8 inch diameter stainless steel ball bearings
cemented together with the test material. One of the ball bearings is fixed to the ring holder of the
standard ring and ball assembly, and the other ball is suspended from the first by the test material,
see Figure 2.4. As temperature rises in the immersed assembly the weight of the lower ball begins
to stretch the asphalt rubber specimen. The double ball softening point is recorded as the
temperature in the bath in which the suspended ball reaches the bottom plate of the assembly.

FHWA provided suggested specifications for asphalt rubber binder. these specifications are
reported in Table 2.2.

EVALUATION AND TESTING OF ASPHALT-RUBBER MIXTURES

Several tests have being proposed for evaluating asphalt mixtures. Objective of every test is
to simulate in the best manner the field loading conditions and consider one or more of the three
typical failures of asphalt materials, (i.e., fatigue, rutting, and low temperature thermal cracking).
The examination of these tests lead to the selection of the testing technique to be used with

improved mixture design methodology for rubber modified mixtures. The characteristics of these

test are described briefly herein.

Repeated-Load Indirect Tensile Test

The indirect tensile test simulates the state of stress in the lower position of the asphalt
layer, (i.e., tension zone). The test may be conducted with a single load to failure or with repeated
loads (ASTM D 1423), and both laboratory and field-recovered cores may be evaluated. The test
may be used to evaluate mixture properties that are directly related to distresses, and including the

tensile strength, the modulus of elasticity and Poisson’s ratio, fatigue and permanent deformation

characteristics.
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Figure 2.4 Double Ball Softening Point Apparatus (TTI 1986)
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Table 2.2. Suggested Requirements for Asphalt-Rubber Binder (FHWA 1992).

’l GRADE ARS-1 | ARB2 | ARB3
‘ CLIMATE ZONE
TEST METHGCD HOT ‘ -MOOERATE coLo
Highest Mean Weekly Temp. °C >38 26 10 38 <26
[°F) {>100) 30 10 100} {< 80
Lowest Mean Monthty Temp. °C >0 120 <-12 H
(°F} (> 30} {10 10 301 (<101 k
Apparent Viscosity (P) 1000 min 1000 min 1000 min
175°C {347°R)
ASTM D 2994 spindle 3. 12 rom 4000 max 4C00 max A000 max
Penetration (1/10 mm) 25 min S0 min 75 min
25°C (77°F)
AASHTO T 49 100 gram. S sec 75 max 100 max 150 max

Penetration {1/10 mmi 15 min 25 min 40 min
4°C (39.2°F)

AASHTO T 49 200 gram, 60 sec

Softening Point °C

53 min
ASTM D 36 {°F)

(130 min)

49 min 43 min
{120 min) {110 min)

Resilience {percent)
25°C (77°F)
ASTM D 3407

20 min 10 min 0 min

Ouctility (cm)
4°C [39.2°A
AASHTO T S1 1 cm/mun

S min 10 min 20 min

Tests on Thin Film Oven Residue, AASHTO T 179

Penetration

7% min 75 min 75 min
[percent of original retained}
1 aec(39.2°F)
AASHTO T 49 200 gram, &0 sec
H
'} Ductility - 50 min S0 min 50 min
| tpercent of original retained)
I 40 (39.2°7)
i AASHTO T 51 1 cm/min

NOTE: The binder measured for compliance shall include

the extender ol and any
other additive proposed in the job mux formula.
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According to the recommended testing conditions of the test, (ASTM D4123), the following
conditions may be considered: testing temperature at 5°C (41 °F), 25°C (77 °F), and/or 40°C

(104°F); load duration of 0.1 to 0.4 seconds; load frequencies of 0.33, 0.5, and 1 Hz; and load

strain level of 10 to 50 % of the indirect tensile strength.

Failure criteria

The fatigue life of the specimen, or other failure modes, may be predicted from the
laboratory testing, and are significantly influenced by the definition of "failure." Kim (1991)
concluded that failure in diametral fatigue testing occurs when the permanent horizontal '
deformation reaches a level between 7 mm (0.28 in) and 9mm (0.36 in). Kim (1991) examined
fatigue life of asphalt mixtures from diametral fatigue testing parameters. The failure criteria in this

study was related to the horizontal tensile strain (g,) under the line of loading, given by:
g, = (2P/Entd) [ {(1+3p)d*- 8x2d2 (1 +p)+16x* (1-p) }/ { (@+4x*)?}]

where: p is the load amplitude of the applied load, Ib; E is the elastic modulus, psi; t and d are the

specimen thickness and diameter, in; p represents the Poisson’s ratio; and x is the distance

from the center line of the specimen, in;

By integrating the above equation along the diameter of the specimen the total horizontal
strain is obtained:

8y ={P/Et} [{4/n}-1+p]
The largest horizontal strain, that occurs in the middle plane of the specimen, occurs in the x
- =0, and is given by:

e, = {2 P (1+3p) } / Emtd

where ¢, is the horizontal strain in the middle plane. In this investigation it was concluded that the

horizontal deformation increased drastically after a value of 2.5mm (0.1 in) of horizontal



deformation. see Figure 2.5, and thus it was concluded that failure of the mixture is when the total

horizontal deformation reaches 2.5mm (0.1 in).

Repeated-Load Indirect Tensile Testing

Repeated load indirect tensile testing involves the use of 100 mm (4") diameter by 62.5mm
(2.5") height samples. Measurements of elastic, total, and plastic (permanent) deformations are
evaluated along the vertical and horizontal diameters along the applied load. Figure 2.6 illustrates a
typical plot of load and deformation versus time. The response curves (load, vertical deformation,
and horizontal deformation) over 2 cycles or more cycles are examined for determining the
instantaneous and total recoverable horizontal and vertical deformations. Data points related to the
beginning of the relaxation period are used to compute the “instantaneous” properties while the
values associated with the end of the relaxation period are used to compute “total” mixture
properties, see Figure 2.6. During the static indirect tensile test conditions (required step before the
repeated load testing of mixtures), the failure load as well as the total vertical and horizontal
deformation along the vertical and horizontal specimen diameters are recorded. These values are
used in the evaluation of mixture properties described next. During this test results are not affected

by surface condition and specimen failure occurs in an area of relatively uniform tensile stress, see

Figure 2.7.

Testing Recommendations

The Resilient modulus of asphalt mixtures may be used in evaluating the relative quality of
materials, as well as an input in pavement design or pavement evaluation analysis. Several of the
studies investigated the effect of testing parameters on resilient modulus. Almudaiheem et al (1991)
investigated the effect of loading magnitude on the resilient modulus of asphalt concrete mixtures
using the indirect tensile test. In this study the Marshall mix design method was used to prepare the

specimens at different asphalt contents. For each asphalt content, 20 specimens were prepared, half
to
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be tested after being subjected to moisture conditioning, (wet specimens), and the other half at
normal, (dry conditions). Each specimen was tested on three different axes, 60 degree apart,
according to ASTM D4123. The specimens before testing were cured at 60°C(140°F) for 72 hours.
The loading magnitude for each mixture was selected so that the applied stresses is within the 10-30
percent range of the indirect tensile strength of the specimens. Four levels of pulsating load were
used 101.8kg (2251b), 158.3kg (3501b) , 214.9kg (4751b) , and 271.5kg (600 Ib). Table 2.3 provides
the exact percentages of the indirect tensile strength used as the applied load. The resuits, presented
in Figure 2.8, indicate that MR obtained from the diametral resilient modulus test depend on the
load magnitude. Typically, a larger load yields a smaller MR-value. Thus for a conservative design

a larger load may be used since it will provide a more conservative design associated with smaller
MR value.

An extensive investigation was conducted by Boudreau (1992) on the effects of materials
and testing parameters, recommended by ASTM D4123, on Resilient modulus results. Several
replicates were prepared for each mixture, using two different type of aggregates, and prepared at
two air void contents. The testing variables included in the study are shown in the factorial of
Table 2.4. The specimens were compacted with the Marshall method and two different levels of

compaction were used for achieving the 4 and 10 % air void content. A dense graded mix was

prepared with an AR-4000 asphalt cement.

The mean instantaneous and total resilient modulus for the four type of mixtures, (A4
indicating use of aggregate A and mixture air void content of 4%, A10 for aggregate A and air
void of 10%, B18 for aggregate B and 10% air void, and BL4 for aggregate B with lime addition
and 4% air voids), are shown in Tables 2.5 and 2.6. The links on the right side of the columns
indicate the mixtures which although have different air void content the resilient modulus results
~ could not differentiate between them. On the other hand, the links on the left side identify
mixtures of the same air void content and tested at the same loading conditions for which the
resilient modulus resuits could not differentiate. The analysis of variance analysis conducted in

this study identify the 5°C (41°F) temperature as the preferred testing temperature since is able to
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Table 2.3 Exact Percentages of Indirect Tensile Strength Used as Applied Load
(Almudaiheem 1991)

Load ACX |

Wet | 10.00 1 10.T9 | 1138

1350 Dry {1636 | 16.45 16.86

[:‘:.s Dry {1051 | 1064 |103¢
i
|

Wet { 1538 | 16.78 17.40

1418 Dry | 7202161 l::.n

l Wet | 21231 22,78 | 2334

j600 Dey|{2208]{2838 {2801
Wt | 25.68 {3877 | 2973
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Table 2.4. Factorial Experiment (Boudreau 1992)

Tcmperarure (F) 41 ‘ brd ‘ Heod
Microsiraia 50 | 75 |10 | so | 75 o] s0 | 75 |00
Durarioa { Frequency
{(hz) (1ee)
033 X
0.1 03 X X X X X X X X X
1.0 X
033
O [+ X
to0
(B3]
04 03 ‘ X
1.0 ‘
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Table 2.5 Mean Values of Instantaneous Resilient Modulus in Ksi, with n=3,

(Boudreau 1992)
CONDIMONS®
1 2 3 4-j"-.‘s=‘ s | 7 ] 8- 9 1 10
Temperature("F) a4 ot Dy TEED T <
Frequency he) | = = * ~*7 0§ TTES T 087 | on fos v . 10 | as
Duration (sec.) oo 0.4 > 1 0.1 02, |t da laa o
Mirostain | g0 | 7se | o0 0¥ 75 ’ “100
MATERIALS®®
Ad 2685 2083 2121 1283 1109 548 785 582 866 915
BL4 1743 1758 1571 1128 867 Elm [714 [725 [921 [923]
Al0 1336 1223 1284 503 575_1 672 251] 199 &0 738
810 [1327 1435 [1352 748 [:7551-J [ssa 624 450 En [m
Average 123 | e2s 1585 914 g8 | 0 a1 a9 l 845 l 82s
*  Condhions are comblrations of temoperature, load frequency and duration, and microstrain level.
** Matenals are cumblnations of aggregats fype, av vokd comert and sddiive type.
Table 2.6 Mean Values of Total Resilient Modulus in Ksi, with n=3,
(Boudreau 1992)
CONDITIONS®
! 2 3 4 s | s 7 8 J 9 l 10
Temperature("F) 4 77
Frequency (hz) 0.5 0.5 023 I 0.5 l 1.0 0.5
Dusation (sec) 0.1 0.1 o1 | os 0.2 04 | o1 0.1
Microstraln 50 75 I 100 50 75 - 100
MATERIALS®®
m 1801 1801 1840 410 158 16 255 183 392 09
8L4 1642 1610 1406 [QJ [504 [;4 [2 [253 [‘35 [409
A10 " 108 1033 1017 187 175 132 108 74 z:xJ m
210 1224 1258 20 [300 253 , [305 [2“ En:x [3“ [3,0
Average 1433 1426 1369 [ 33 8 | am 218 175 ast 15

27

Conditions are combinations of ismpaniture, load frequency and curation, ard microstraln level.
Matsriats are combirations of aggregaie type, alr void coment ard addive type.




discriminate between materials and provide higher reparability. Further examination conducted
by Bourdeau indicated that 10°C (50°F) and 15°C (60°F) testing temperatures provides similar

testing accuracy and results associated with 0.1 second load duration, 0.33 Hz load frequency,

and 50 to 75E-4 percent induced strain (50 to 75 micostrain).

For the repeated load test, a minimum of 50 to 200 load repetitions are typically applied to
the specimen before any readings are taken, so as to properly seat the loading strips on the
specimen and to allow the sample deformation to stabilize. In addition, a small static load, 4.5 kg

(101b) to 22.6 kg (50 Ib), is applied to hold the sample in place.

Material Properties Evaluation

The analytical tools for evaluating material properties consider the following assumptions:
homogenous and isotropic material; and load is applied in the normal direction to the contact area
between the specimen and the loading strip (i.e., there is no friction between the specimen and the
loading strip). Considering the static indirect tensile test, the asphalt mixture static characteristics
such as: Poisson’s ratio, resilient modulus or modulus of elasticity, and indirect tensile and

compression strengths at the center of specimen are then calculated according to the follow

equations:

p=[Al -(A2)(DR)}/{A3 +(DR)}
MR = P[Al-(A3))]/L(DV)
MR = (A4)P /DL
INTS = (A6)P /L

INCS =(A5)P/L



where: u is the Poisson’s ratio; DR represents the defokrmation ratio DV/DH, with DV the

vertical total deformation along the vertical diameter of the specimen (in) and DH the horizontal
total deformation along the horizontal diameter of the specimen (in); DL is the radial deformation
along the thickness of the specimen (in); MR is the Resilient modulus (psi); L represents the sample
thickness (in); P is the magnitude of the applied load (Ib); INCS represents the indirect compression
strength at the specimen center (psi); INTS is the indirect tensile strength at the specimen center

(psi); and Ai are constants obtained in function of specimen diameter and shown in Table 2.7.

Table 2.7 Regression Constants for 100 mm (4") and 150mm (6") specimen diameters

(Baladi 1989)

Constants  Specimen Diameter mm (in)

100 mm(4") 150mm(6")

Al 3.587910 4.085950
A2 0.269895 0.271760
A3 0.062745 0.041733
Ad 0.319145 0.212453
AS 0.475386 0.105242
A6 0.156241 0.317695

Under the assumption of homogenous, isotropic and linear elasticity the resilient modulus
provided from the previous two equations should have identical values. Since, asphalt mixes are
heterogeneous and anisotropic difference between these two calculated values are expected. In
order to obtain more realistic values for the modulus and Poisson’s ratio the deformations in the

three directions may be used. Using the least square technique and the above equations these

parameters may be calculated from the following (Baladi 1989):



L =1/D [0.225127 H? - 0.269895 V- 0.0447676 A® +3.570975 ED(V) + 0.086136 (A)(H) +
1.145064 (A)(V)]

MR = { 0.253680 H + 3.9702876 V- 0.0142874 A}/ D

D =1.105791 (H2 + V2 + A?) - (H - 0.0627461 V +0.319145 A)’

where: H=DH (L/P); V =DV (L/P); and A =DL/P.

Considering the repeated-load indirect tensile test, the instantaneous and the total values of

Poisson’s ratio and resilient modulus are calculated using the following equations:

Eq = P (g + 0.27) / tDH,

Egp = P (gr + 0.27) / tDH;
lg = 3.59 DH, /DV, - 0.27
ler = 3.59 DH; /DV; - 0.27

where: Ey, is the instantaneous resilient modulus, Mpa; Eg; is the total resilient modulus, Mpa; py
is the instantaneous resilient Poisson’s ratio; gy is the total resilient Poisson’s ratio; t represents
the specimen thickness, mm; P is the repeated load, N; DH, is the instantaneous recoverable
horizontal deformation, mm; DH; is the total recoverable horizontal deformation, mm; DV, is the

instantaneous recoverable vertical deformation, mm; and DV is the total recoverable vertical

deformation, mm.

Static and Repeated-Load Creep Test

As it was mentioned previously, creep evaluation of asphalt mixtures may be used in the

mixture design process. The creep test may be used for: evaluating mixture susceptibility to



deformation, and b) the determination of stiffness at long loading duration to be used in thermal

cracking analysis of the mixture.

The specimens used for creep evaluation of asphalt mixtures have a height to diameter ratio
of 2:1. Typically 100 mm (4") diameter by 200 mm (8") height specimens are used with samplé

ends well greased with graphite-based lubricant to reduce friction between sample and testing plate.

The static creep test is a uniaxial, unconfined creep test involving a 2 minutes
preconditioning load followed by 5 minutes of rest period (Krutz and Neil 1991 and 1992).
Immediately after the rest period a static load is applied for 60 minutes followed by 15 minutes
rebound period. The test is conducted at 25°C (77°F) using a static stress of 345kPa (50 psi), and at

60°C (140°F) using a static stress of 138kPa (20 psi). The resulted axial deformations are recorded
every 60 seconds.

The repeated -load creep test, is the triaxial repeated-loading confined test covered by
SHRP A-003A (Krutz and Neil 1991 and 1992). This test uses 1 minute precondition period
followed by a 60 minutes testing period. The repeated loading sequence consists of 0.1 sec duration
haversine pulse load followed by 0.6 rest period, with frequency of 1.43 Hz. In all steps a confining
pressure of 103.5kPa (15 psi) is used. As for the static creep test, the repeated load creep test is

conducted at 25°C (77°F) using a peak deviator stress of 345kPa (50 psi), while for the 60°C( 140°
F) a deviator stress of 138 kpa (20 psi) is being used.

Mixture Properties Evaluation

Mixture deformations may be continuously monitored with the use of two linear differential
transducers (LVDTs). The LVDTs are positioned 180° apart and measure deformations over the
total sample height. The deformations are electronically averaged and recorded every 60 seconds
throughout the test with an accuracy to 0.0025mm (0.0001 in). The measurements can then be used

for calculating the compressive strain for each test over the sample height:



E(t) = [d(1)/Ho}

where: E(t) represents the strain at time t, in/in; Ho is the original sample height; d(t) is the
deformation of the sample along its height at time t. in inches. Such evaluation may be used with
both unconditioned and moisture-conditioned samples. The creep modulus (mix stiffness, Smix) is

then calculated by the following equation:

S (TH)=0c/¢,

where: S_. (T,t) is the mixture stiffness at temperature (T) and the time of loading (t); o is the
applied stress, psi; and €, is the axial strain at time (t). The creep compliance (J)) is calculated by

dividing the strain at time (t) with the applied stress:

Jt=€._/6

Mohammed‘ (1992) provided a relationship for the creep modulus, S(t), in function of the
applied load, P, , the Poisson’s ration, y, the sample thickness, t, and the horizontal deformation at
time t, SH(t). In this experiment the creep test was conducted at 25°C(77°F) using a ramp of load,
113.1kPa (250 Ib), applied using the stress controlled mode of the MTS machine. The load, vertical
and horizontal deformations were monitored continuously with a data acquisition system and the
test was completed either at 60 minutes of load duration or at failure. The mean horizontal and

vertical deformations were computed for each set of specimens and the creep modulus was

computed by:

S(t) = P (u + 0.27)/ t SH(t)

Effect of Sample size on Creep Testing

The effect of sample size on creep evaluation of modified mixtures was investigated by Neil
(1991) with the static unconfined creep test at 25°C (77°F). In this case six polymer modified
mixtures were experimentally placed in test sections in Nevada from where samples were collected

behind the paver. The mixtures were prepared with one type of aggregate and including two levels



of modifier, low (L) and high (H), as well as control mixtures. Two sample sizes were used in this
experiment, 100 mm (4") diameter by 200 mm (8") height, and 100 mm (4") diameter by 62.5mm
(2.5") height, and the samples were moisture conditioned according to the Lottman's procedure.

The deformations were was measured over both the full length for both samples and the center third

for the 200 mm (8") samples, see Figure 2.9.

The test results are presented in Table 2.8, for both sample sizes. As it can be seen from this
Table the sample size, and the method of measurement for the 200 mm (8™) height samples
provides different values of permanent deformation. Historically, the height-to-width ratio of
axially compressed specimens has been 2 :1 due to the effect of end constraints, and thus the
results from the 200 mm (8") height samples might be more accurate. Overall, the mixture with

lower average permanent strain is expected to exhibit less rutting in field conditions than the

mixtures with higher values.

Table 2.8 Creep Testing Results (After Neil 1991)

Binder Type Average Permanent Strain (in/in)
Sample Size
4” x8” 4”7 x2.5”
Full Depth | Center Third

AC-20-RL 0.002636 0.001785 0. 003507
AC-20RH 0.003166 0.002263 0.003514
AR-4000-R 0.005519 0.003529 0.002574
AC-20pm 0.008942 0.004844 0.004243
AC-20-P (Control) 0.01127 0.009385 0.001924
AR-4000-pm 0.011364 0.010131 0.003272

L
(V)
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Rutting Prediction from Creep Test Resuits

Van de Loo (1988) provided a relationship for evaluating the permanent deformation in the

asphalt layer from the creep test results. This relationship is given by:
8 = Cm Ho o-avg / Smix

where: & is the reduction in asphalt layer thickness; C, is the correction factor for the so-

called dynamic effect, which takes account the difference between the static (creep) and the
dynamic (rutting) behavior of the mixture. This factor depends on the mixture and must be
determined empirically; H, is the design thickness of the asphalt layer; S, represents the mixture

stiffness which was shown to be affected by the binder stiffness; and o,, is the vertical

compressive stress. The vertical compressive stress may be determined with the use of ELSYMS or
other analytical tools.

Fatigue Evaluation

Different specimen characteristics and testing conditions have been used for fatigue
evaluation of asphalt mixtures. Raad (1993) in his investigation used beam specimens, 75mm (3")
x 75mm (3") x 375mm (15") that were loaded at 125mm (5") interval third points using an MTS.
The specimens were evacuated with constant strain testing and with a load duration of 0.1 second
and frequency of 1 Hz, at 21°C (70°F) with £1 .6°C(3°F). Another study conducted by Salter (1990)
for evaluating the effects of natural rubber powder into the fatigue life of asphalt mixtures, used a
sinusoidal load with 2 Hz frequency for testing the 37.5 x 37.5 x 375 mm mixture samples at -
4°C(20°F) with +0.8°C(1°F). Nick (1990) investigated the fatigue characteristics of different types
of asphalt mixes using beam specimens of 50mm(2”) x 30mm(2”) x 375mm(15 in) with a
displacement control mode and 0.1 second load duration with 0.9 seconds rest period. For the mean

specimens the loads are typically applied in the third-point loading condition and ensuring a



constant bending moment over the middle third of the beamns. The long rest period is usually used

to ensure that full material recovery is achieved before the next loading cycle.

The ratigue life of asphalt mixes is obviously dependent on the failure definition. Raad
(1993) assumed that fatigue failure will occur when the flexural stiffness "E", determined from the
central beam deflections and the applied load, is reduced by 50%. In another study (Saiter 1990), it
was assumed that the failure was achieved when a reduction in the applied load of the beam was
reduced to half and after the first 200 load repetitions. Similarly, Nick (1990) selected the fatigue

failure as the point where the applied load drops to 50 percent of its initial value and for producing
a given strain level.

Mixture Properties Evaluation

Load, deflection, and strain are to be measured during testing every one second. Loads may
be measured with a load cell, while beam deflections may be measured with LVDTs. The strains
may be directly measured using an extensometer attached to the beam with adhesive. During
testing, strain is measured only in the tension region of the beam but to confirm that the system is
functioning adequately initial tests using two extensometers, to measure strains on both sides of the

beam, may be performed. Stresses can be calculated from the monitoring of load and deflection,

and the beam dimensions, as described below:

A, = Pa(3L2-4a)/24 El

where: A _,, is the maximum deflection at the center of the beam. in; P is the applied load, Ib; a is
the distance between the exerted load and the nearest support, in; L is the reaction span. in; I is the
specimen moment of inertia. in‘; and E is the flexural beam modulus, psi. For a = L/3 the equation

takes the form:

A, = 23PL3/T2El

(7%
(o,



The maximum bending moment, M, in 1bxin, at the center of the beam 1s caiculated by:
M, =Pa

X

and at a = L/3 the maximum banding moment is given by:
M, =PL/3

Knowing I and M,, the normal stresses equation may be used for calculating the tensile
stress at the bottom of the beam:

o, =M, y/I

where: ox is the tensile stress at the bottom of the beam, psi; and y is half of the beam depth, in;

The modulus, E, is calculated from the computed stress and the measured by:
E=oc/¢

with o the computed stress, psi; and € the measured strain, in/in.

Repeated Loaded-Wheel Test

This test is being used for characterizing the rutting potential of asphalt mixtures through
the testing of beam specimens. Several repeated wheel loading apparatus have been developed and
used over the years. One of the first testing devices, (Lai and Minglee 1990), was using a2 25mm
(1") wide aluminum loading wheel of 75mm (3") diamerer. fitted in a hard rubber tire, since the use
of the tire would exert nonuniform: contact pressure on the sample surface. A modified version of
this device was proposed, with an 200 mm (8") aluminum wheel and a 25mm (1") diameter high

pressure rubber-hose wrapped around the rim. The hose in this setup could be pressurized till
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690kPa (100 psi). Results from the use of this device indicated that higher skidding was occurring
at the end of the samples causing wear of the rubber hose and excessive rutting at the sample ends
and with a tendency of pushing instead of rolling of the hose in the wheel path. Shoving at ends of

the specimen became evident along these regions and slowly progressed towards the center.

To overcome these problems, additional modifications were suggested for the loaded-wheel
testing machine (LWT) by Lai and Minglee (1990). A flexible linear tube, made of high pressure
rubber hose was pressurized to the required pressure and placed on the top of the specimen, see
Figure 2.10. The degree of rutting was reduced but it was still greater at the ends than in the middle
region of the specimen, potentially due to the longer load duration at the ends, Figure 2.11.
Additional questions related to this device to be addressed include: the nature of the contact
pressure; and the effects of hose stiffness on mixture rutting, Figure 2.12. For this test beam

specimens of 75mm (3") x 75mm (3") X 375mm (15") were used (Lai and Minglee 1990) with an

45.2kg (100 Ib) load and 690Mpa (100psi) contact pressure. The load repetitions were kept at 22

and 44 cycles/minute and a testing temperature of 35°C (95°F) was used. The longitudinal and

transverse profiles were measured after 0, 200, 500, 1000, and 2000 cycles see Figure 2.11.

The rutting potential of conventional mixtures was evaluated with the loaded wheel test
by Lai (1986) and Minglee (1990). The asphalt beam samples were prepared with different type
of aggregates, filler contents. asphalt cements. and modifier contents. The optimum asphalt
contents for each mixture were based on the Marshall method and based on a 4.5% air void
content. The testing conditions included a temperature of 35°C (95°F), a load of 45.2 kg (100 Ib),
testing frequency of 22 cycle/minute, and a contact pressure of 690 kPa (100 psi). An example of
the rutting profiles along the wheel path measured at 0, 200, 500, 1000, 2000 cycles and so on, is

shown in Table 2.9, while the relationship between the number of load repetitions and the

resulted rut depths are shown in Figure 2.13.
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Figure 2.10 Modified Loaded Wheel Testing Apparatus (Lai and Minglee 1990)
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A. Flexible Hose

Figure 2.12 Contact Imprints of Rubber Hose at 45.2 Kg (100 Ib) Load
and 690 kPa (100 psi) pressure
(Lai and Minglee 1990)
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Table 2.9 Rutting Results with Loaded Wheel ( Lai and Minglee 1990)
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ASPHALT MIXTURE SPECIMEN CHARACTERISTICS AND PREPARATION
PROCEDURES

Depending on the tests selected for evaluating mixture behavior and performance
cylindrical or beam laboratory prepared or field cores may be used. Two types of cylindrical
specimens may be used, 100 mm (4 in) in diameter by 62.5mm (2.5 in) in height or 100 mm (4 in)
in diameter by 200 mm (8 in) in height, depending on the testing program. The first type of
specimens is used for the standard Marshall mix design method and for fatigue evaluation of
asphalt mixtures with the indirect tensile test in static or repeated-loading mode. The second type of
specimens may be used for evaluating the dynamic properties of the asphalt mixes. However, based

on the characteristics of the available apparatus for dynamic testing specimens with a 2:1 height to

diameter ratio may be used.

Different compactors may be used for the preparation of cylindrical specimens and
including the standard Marshall compactor, the California kneading compactor, and the gyratory
testing machine. Depending on the compaction device, standard methods of compaction are
available today and include: the standard Marshall method (ASTM D1559); the preparation of
bituminous mixture test specimens by means of the California kneading compactor (ASTM
D1561); the test method for compaction and sheer properties of bituminous mixtures by the U.S.
Corps of Engineers gyratory testing machine (ASTM D3387); and the standard method for the
preparation of bituminous mixture specimens for dynamic modulus testing (ASTM D3496). In
almost all cases some identical modification to the standard specimen preparation methods have

been recommended, especially for specimens used in dynamic testing. Some of these

recommendations are reported next.

Cylindrical Specimen for Conventional Asphalt Mixtures

For specimens compacted with the kneading compactor, ASTM D1561, the mix is placed in

60°C (140°F) forced draft oven for 15 hours before being reheated to 110°C (230°F) for compaction.

The 100 mm (4") by 62.5mm(2.5") specimens are compacted in one layer with 30 blows at
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1725kPa psi. After compaction the sample is placed in the oven at 60°C (140°F) for 1.5 hours prior
to the application of a 5248.8Kg (11,600 Ib) leveling load.

Specimens of 200 mm (8") by 100 mm (4") are compacted in thirds using the kneading
compactor, ( i.e. the mold is filled up to 1/3 of the height and is compacted, then the second third of
the mold is filled and compacted and so on). Each lift is compacted with 30 blows at 1725kPa (250
psi). After compaction the sample is placed in the oven at 60°C (140°F) for 1.5 hours before the
application of a 2262.4kg (5000 Ib) leveling load. The samples are then allowed to cool before

being extruded from the molds.

Cvlindrical Specimen for Asphalt-Rubber Modified Mixtures

A typical preparation of asphalt rubber mixtures involves heating the aggregate at 149°C
(300°F) and the rubberized binder to 177°C (350°F) before mixing and regardless of the base asphalt
viscosity. After mixing the aggregate and the modified binder, the samples are placed in a forced
draft oven at 60°C (140°F) for 15 hours. The samples are then heated to 149°C (300°F) for
compaction. For the 200 mm (8") by 100 mm (4") samples the same compaction procedure as for
conventional mixtures is being used with the exception that the 1.5 hours curing time at 60°C

(140°F) is extended to 3 hours. Rubberized samples are then allowed to cool before extruded from
the molds.

Roberts (1987) used the California kneading compactor for preparing asphalt rubber
concrete specimens and it concluded that the sarﬁples should be left in the mold for three days since
the specimen swell and crack when extracted earlier. Lalwani and Schuler used the Marshall
hammer compaction conditions for preparing this type of samples reporting the need to allow the

 specimens to cool to room temperature before extracting them from the molds (Roberts 1987).
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Beam Specimens for Conventional Mixtures

Lai and Minglee (1990) used a static compression load to prepare beam specimens for
rutting evaluation using the loaded-wheel test. Based on the required optimum bulk density from
Marshall results and the used mold internal volume. the required material weight may be easily
evaluated. The beam specimens are then compacted in three layers. After placing the third layer of
the mixture the specimen is compacted to approximately the required height. A thick loading plate
with size equal to the top area of the mold is placed on the top of the beam and a high pressure is
applied so as to compress the mix to the specified height. Generally, it was found that the height of

each specimen is slightly higher than the required one since it is too difficult to compress the

sample to the desired density.

The mixmure in this case is blended according to ASTM D1561. After the mixture is being
prepared at the specific temperature, is placed in a forced draft oven at 60°C (140°F) for 15 hours.
Then the specimen is reheated to 110°C (230°F) for compaction. After compacting the third lift, the

sample is placed in 60°C (140°F) oven for 1.5 hours and consequently a high compression leveling
load is applied.

Beam Specimens for Asphalt-Rubber Mixtures

A similar procedure is used for the preparation of the asphalt rubber beam specimens. The
mixture is blended by heating the aggregate to 149°C (300°F), and the rubberized binder to 177°C
(350°F) before mixing. Then, the samples are placed in a forced draft oven at 60°C (140°F) for 15
hours. The samples are then heated to 149°C (300°F) for compactidn. Compaction is similar to the

conventional beam specimens with the exception that the 1.5 hours of curing time at 60°C (140°F)

-~

is extended to 3 hours. Rubberized samples are then allowed to cool before extruded from the

molds.
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Moisture Conditioning

When the moisture effects on mixture properties are to be investigated moisture condition
may take place. Neil (1991) briefly described the three steps in specimen moisture conditioning
using the Lottman's procedure. This procedure consists of immersing the samples in water and
applying a vacuum of 24" Hg for 10 minutes to achieve a minimum of 90 % saturation. Samples
are wrapped with plastic and placed in a -18°C (0.0°F) freezer for a minimum of 15 hours. The
samples are then unwrapped and transferred to a 60°C (140°F) water bath for 24 (£ 0.5) hours, and
immediately after placed in a 25°C (77°F) water bath for 2 hours so as to cool the samples to the

testing temperature. Other methodologies of moisture conditioning have being proposed as well

and depend on the testing methodology used for such evaluation.

CHARACTERIZATION OF ASPHALT MIXTURES WITH THE REPEATED-LOAD
INDIRECT TENSILE TEST

From the review of previous efforts in characterizing and evaluating the behavior of asphalt
mixtures it can be concluded that the indirect tensile test is most promising and favorte test.
Comparisons of the results of this test with other available methods indicate that it provides higher
testing repeatability and more reliable results. since it better represents the field conditions that the
asphalt mixtures may be exposed to, in addition of being simple and quick to perform. Herein are
described some of the most important results and conclusions regarding this test from previous

investigation. In addition the relationships for evé.luating mixture properties are presented.

Relationships of Asphalt Mixture Characieristics 1o Mixture Structural Properties Using the

Indirect Tensile Test

Several studies emphasized the need for developing relationships between binder, aggregate
and mixture characteristics 10 mixture structural properties. These relationships may be based on

binder properties and aggregate characteristics. and/or design mixture propertes, such as air voids,
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density, for estimating structural response parameters such as resilient modulus, tensile strength,
stability, stiffness. Obviously these relationships are limited to the specific mixtures that were

developed with and should calibrated when new type of mixtures are of interest.

One of the most comprehensive studies in evaluating these relationships was undertaken by
Baladi (1988), where mixture properties from the Marshall and indirect tensile tests were related to
mixture characteristics and testing variables. The study included Marshall test and the indirect static
tensile test (INTT) using a standard Marshall load frame and deformation rate. The specimens were
conditioned according to the standard Marshall method and tested dry at 9°C (40°F), 25°C (77°F)
and 60°C (140°F). The study included indirect constant peak cycle testing (INCCL) using an MTS
hydraulic system. The specimens were subjected to constant sustained load followed by a constant
peak cyclic load of 226.2Kg (500 Ib). The specimens were subjected to a maximum of 500,000
cycles at a frequency of two cycles per second with a loading time of 0.1 second and a relaxation
period of 0.4 second. A third testing method was used, the indirect varable peak cyclic load
(INVCL), with the MTS hydraulic system. Basically, this last test is the same as the INCCL test
with the difference that after the application of the sustained load, the specimen is subjected to

45.2Kg (1001b), 90.5Kg (2001b), and 226.2kg(500 Ib) peak cyclic loads, and each load applied for
only 1000 cycles. ’

Different type of aggregates and asphait cements were used in this testing. the three type of
aggregates included crushed lime stone, rounded natural aggregate, and a mix of 50 % by weight of
crushed lime stone and natural aggregate. Two different aggregate gradations were used and the

mineral filler was fly ash. The study included three types of viscosity-graded asphalt contents, AC-
10, AC-5, and AC-2.5.

Some of the results of this study are reported in Table 2.10, where the factors that influence
mixture properties are shown with a number indicating the order of significance. The indirect

tensile parameters were computed from the equations provided previously, while the Marshall

equivalent stiffness was obtained from:
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Table 2.10 Variables Affecting Mixture Properties ( Baladi 1988)

Specimen Variables

Test Vanables

AV XY ANG  GRAD PICL TT R2 iz

Macshall tests

S:ability (S) 2 3 4 - - 1 0.99 5.06

Tow (F) 3 - 4 2 - 1 0.53 €29

Zzuivaient saflness (ES) 2 4 - 3 - 1 0.93 t.24
INTT

HCS 2 4 3 - - 1 Q.99 0

INTS pa 4 3 - - 1 0.99 e

92 1 - 2 - - - 0.69 210

ZH 1 2 3 - - - 1.00 .00
INCCL + INVCL

MR 2 5 4 - 3 1 0.59 .03

z 2 5 4 6 3 1 0.99 0.03

cD1° 3 4 - - - 1

CD2° 3 4 - - - 1

NoTe: dashes = no relationship. AY = percentage of air voids (AV =1,2,3, ac) KV = kinematic viscosity (cSt);
ANG = sggrezate angulanity; GRAD = aggregate grdatcas; PICL = sutic/cyclic load; TT = test empenture;

INCS = tndireet comp

horizontal diameter

€T ase vaiues arc also functons of the number of load applications.
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indirect horizonul deformation; MR = resilient modulus; £ = wul modulus; CD1 =
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E,=S/2F

where: E, is the equivalent stiffness. Ib/in; S is the Marshall stabilitv, Ib; and F ¢ represents the
flow at half the value of the Marshall stability, in.

Based on the testing results, statistical analysis was conducted for relating Marshall
stability, flow, equivalent stiffness, indirect compressive and tensile strengths, resilient modulus,
and total modulus with mixture material characteristics and testing variables. Also relationships
between the mixture property parameters were identified. These relationships are shown in Table

2.11. Some of the conclusion obtained in this study and these relationships are:

1. The effect of TT and KV on the INTT and INCCL results are almost the same
9. The effect of AV on INCS and INTS is the same, but higher than the effects on MR.
3. The effect of ANG on INCS and INTS are almost the same, but slightly higher than on MR.

In addition, it was observed that there is poor correlation between Marshall stability and
MR indicating that the Marshall stability can not be used to accurately estimate the structural
properties of a mixture. A good correlation was found between MR and INCS or INTS. Among the

conclusions of this study Regarding the effectiveness of the testing methods the following

conclusions were reported:

1. The resilient and total moduly of asphalt mixes can be expressed in terms of indirect compressive

strength of the mixture, the testing temperature. and the magnitude of the applied cyclic load.

7 The Indirect tensile test can be used to obtain an asphait mix design based on the structural
properties of the mixture.

3. The maximum difference between the results of the three tests was only 7 %
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Table 2.11. Relationships of Asphalt Mixture Characteristics and Mixture Properties

-Relation of Binder. Aggregate & Testing Characteristics to Mixture Properties

In(S) = 10.319 - 0.01346 x TT - 0255 x AV +0.0006603 x KV + 0.02565 x ANG (R2 =0.99; SE = 0.06)

(R2=10.58; SE=0.29)
(R2=0.93; SE =0.24)
(R2 =0.99; SE =0.08)
(R2 =0.99; SE = 0.08)
(R2=0.99; SE =0.03)
(R2=0.99; SE =0.03)

In (F)=1.588 - 0.00621 x TT = 0.3342x GRAD - 0.07033 x AV + 0.08257 x ANG

In (ES) = 12.684 - 0.01747 x TT - 0.1355 x AV - 0.3307 x GRAD + 0.002020 x KV

In (INCS) =9.1350 - 0.03369 x TT - 0.2604 x AV = 0.05223 x ANG + 0.0007399 x KV

in (INTS) = 8.01589 - 0.03363 x TT - 0.2605 x AV + 0.0509 x ANG + 0.0007676 x KV

In (MR) = 16.092 - 0.03658 x TT - 0.1401 x AV - 0.0003409 x CL + 0.04353 x ANG +0.0008793 x KV
In (E) = 16.385 - 0.04529 x TT - 0.1549 x AV - 0.0003339 x CL + 0.04258 x ANG +0.0008364 x KV

- Relationships of Poisson's Ration and Resilient and total Moduly with Mixture Properties

In(MR)=3.408+In(ES)-0.01911xTT-0.0046 x AV-0.3307 x GRAD- 0.0003409 x CL+0.0011407 x KV+0.04353 x ANG

(R2=0.997:SE = 0.082)
(R2=0.974;SE=0.220)
(R2=0.974;SE=0.220)
(R2=0.996;SE=0.085)
(R2=0.996;SE=0.083)
(R2=0.996;SE= 0.080)
(R2=0.996;SE=0.078)
(R2=0.913;SE=0.108)
(R2=0.720;SE= 0.045)

in (MR) = 7.1949 + 1.01341 x In (INCS) - 0.0003409 x CL

In (MR) = 8.3145 + 1.01511 x In (INTS) - 0.0003409 x CL

In (MR) = 6.1776 + 1.08108 x In (INCS) + 0.14145 x AV - 0.0003409 x CL

In (MR) = 7.3667 + 1.08335 x In (INT S) + 0.14218 x AV - 0.0003409 x CL

In (E) = 7.0327 + 1.0205 x In (INCS) - 0.1108 x AV - 0.0003339x CL

in (E)=8.1552 + 1.0227 x In (INTS) - 0.1153 x AV - 0.0003339 x CL

In (PT) = -0.43228 - 0.01940 x TT - 0.06329 x AV - 0.001332 x KV + 0.0001236 x CL
In (PR) =- 1.730 - 0.04243 x AV - 0.000885 x KV — 0.004662 x In (N)+ 0.0004489 x TT

Note: In = Natural log; S = Marshall stability, Ib: F = Marshall flow, 1/100 in; ES = Equivalent stiffness, Ib/in; INCS = Indirect
compressive strength, psi; INTS = Indirect tensile swength, psi; MR = Resilient modulus, psi; E = Total modulus, psi; AV =
Percentage of air voids; TT= Test temperature, of; ANG = Aggregate angularity; GRAD = Aggregate gradation; KV= Kinematic

viscosity; CL .= Cyclic load, Ib: P = maximum applied load, Ib; R2 = Coefficient of correlation; SE = Standard error; PT = Total
Poisson s ratio; PR = Resilient Poisson’s ratio.

Use of Indirect Tensile Test for Fatigue Life Evaluation of Asphalt Mixes

The Diametral repeated-load test was used to evaluate the fatigue characteristics of asphalt

mixtures as well (Kim 1991). For such evaluation an MTS setup was used with extensometers as



shown in Figure 2.14. In this experiment two asphalt cements and two aggregates were used, see
Table 2.12. The mixing temperature for each one of the bitumen were 140°C (284°F) and 149°C
(300°F) respectively. The aggregate and asphalt cement was mixed for 4 minutes and placed in the
oven at 60°C (140°F) for 15 hours. The specimens were compacted at 116°C (240°F) using the
gyratory testing machine for producing 100 mm (4") diameter by 62.5mm (2.5") height specimens
at two levels of air voids, 4% and 8 percent, and according to ASTM D1188. The specimens were
tested with a haversine load of 0.1 second load duration and 0.5 second rest period, till failure. The
stress amplitude was kept constant throughout testing and the horizontal and vertical deformations
were recorded after the first 200 cycles. The failure criteria, affecting the fatigue life, has been
defined as the 0.28 to 0.36 inch permanent horizontal deformation (Scholz 1991). The failure

criteria was set at the 2.5mm (0.1 in). For evaluating the fatigue life of the mixtures the following

model was used:
Nf =K1 (1/e)*

where: Nf is the number of cycles to failure; € is the tensile strain in asphalt concrete, in/in; and K1

and K2 are regression constants. Table 2.13 provides the calculated values of these constants.

Examples of the fatigue resuits on these mixtures are shown in Figure 2.15.

Evaluation of Marshall and Hveem Mix Design Procedures Using The Indirect Tensile Test

The indirect tensile test has also been used in evaluating the standard mix design
methodologies used by DOTs. Al-Abdul Wahhab (1991), evaluated the Marshall and Hveem mix
design procedures using the indirect tensile test. In this study five mixes were used with the
materials and gradations shown in Tables 2.14 and 2.15. The mixtures were designed with tﬁe

Marshall and Hveem mix design methods and the results are shown in Tables 2.16 and 2.17. Then
the repeated load indirect tensile test
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Figure 2.14 Extensometers Setup for Fatigue Testing (Kim 1991)
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Table 2.12 Experimental Design for Diametral Fatigue Life (Kim 1991)

Asphak Asphait Aur Temperature
Type Content Voids
Q 1} [} 0
1 Q [} ]
0 1 0 0
1 1 0 Q
0 [} 1 0
t [} 1 Q
Q t 13 0
1 1 { Q
9 9 ¢ 1
1 0 0 1
e 1 ] 1
1 1 0 t
Q g 1 !
L 0 1 1
0 1 1 1
1 1 } 1
Asphalt Trpe 0 = AAX-]
- AAG-1
Asphalt Cactene 0 = low
1 = High
Alr Yol 0 = 4é=035%
| =8=z03%
Tempenno 0 = TF(0Q)
1 = &F Q00

Table 2.13 Summary of KI and K2 (Kim 1991)

Samptz 1D X, S
abed
& 3z 10 3.484
oy L%z 10° L6468
@10 3.82110% 4Ls
can 1003 10* LUS
0 - 101 x 10° 5308
0101 17 x 10" PR
0110 207z 10" 4.808
an 1401 10° pRY
100 5.40x 310° 4.405
1001 1.64 510" 3.704
1010 1311230 3
on 15z 10 2564
Bles} 195z 10" 5.952
1ot 316z 10 3339
1110 12z 10" [(Syy
1 L1701 10° 3.436

Note: s = Asphah Type b = Asphalt Coment

¢ = Air Voids d = Tcmperaure

Levelt of each facwor are presenied in Table 1.

i
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Figure 2.15 Diametral Fatigue Results for Mixtures with High (a) and Low (b) Airvoid
Content (Kim 1991)
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Table 2.14 Aggregate Gradations for Wearing and Base Courses (Al-Abdul Wahhab 1991)

Sleve Wearing Course (W) Base Course (B)
Size Gradation Deslignation Cradation Designation
Wl T W-2 W-3 B-1 B-2
1% lnch - - - 100 100
1 inch - - - .100 20
J/; inch - 100 100 - 90 80
1/2 inch B7.5 30 100 - -
3/8 inch - - 20 70 6S
No.4 | sS 60 [3 SS S.:l
No.10 38.5 9.5 3.8 40 40.5
No.40 26 21 21 21.5 21.5
No.80 11 14 14 - -
No.200 & T 7 6.5 6.5

Saudl Arablan Ministry of Communications Specification

Table 2.15 Aggregate and Asphalt Binder Properties (Al-Abdul Wahhab 1991)

‘ ) ) Saudi Arabian Ministry
i Materal Physical Propertics Mix Designadon of Comumunications
{ Speafication Lunits
i wi Lwa {wy Lo | s
N | i
i : ‘.
: . LA, Abrasion 2 2 22 \ 3 23 30
|
¢ - Soundness ‘
| S cycles
| - Coarse agpregatc 2.26 2.36 263 3.2 14 10 max
i Aggregate - Fine aggregate 1.96 1.95 1.95 =2 23 10 max
l - Bulk Speciiic Graviry
‘ (Sat surface dry) 2597 | 611} 2592 2393 | L&
! . Water Absorption
‘ - Coarse aggregate 2,625 ] 263 2.64 15 156 4 max
I - Finec aggregate .83 1.82 1.2 3.62 3.61
! - Fiash Point
! Ceveland open cup 628°F 450 minimum
‘ . Peneuvnuon, 71 F,

100 g, S sec. 61 60-70

Arphalt
. Specific Gravuy, L2°C i 1.033 —_
|
. Solubiliry in l -
T Sehloro-ctnviene ! 9.9 99.9 min
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Table 2.16 Marshall Properties at Optimum AC Content (Al-Abdul Wahhab 1991)

Mix Optimum 1/2 br I Flow Alr VMA } 24 hr3 Strength

Desic- Azpbalt Stability 0.15 om Voids 1 Stability Index ~

nation Coantent ks Y kg3 \
W-1 5.5 2090 15.3 4.2 11,5 2060 98.6
W-1 5.8 - 2060 14.5 4.3 1.8 1953 4.8
w-3 s.9 1540 16.9 3.5 12.1 1832 4.4
B-1 5.2 2307 17.5 3.3 12.3 1960 ) 85.0°
B-2 4.3 2120 14.8 4.1 11.5 2040 96.2
MOC Miaimum . Minimums
Spectflcation 700 10-16 4-7 80

Table 2.17 Hveemn Properties at Optimum AC Content (Al-Abdul Wahhab 1991)

Mix Optimum Hveem Alr Volds
Destgnstion Asphalit Subility \
Wl $.0 47 4.3
-2 5.0 $2 4.1
w W3 5.5 b o’
B-1 4.5 49 4.4
3-1 4.5 45 4.6
YOC Spacifications l 40 -7
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was used for evaluating the resilient modulus of the mixtures. Testing was conducted at 51°C
(122°F) and with a load frequency of 1 Hz, loading time of 0.1 second, and a static load of 4.5Kg
(10 Tb) for holding the specimen in place. The maximum applied load, (ranges from 10 to 30% of

the static indirect tensile strength)and the horizontal elastic tensile deformation were recorded to

determine the MR values according to:

MR (MPa) = 1000 P (0.9974 U +0.2692) / (h D)

where: P is the applied load, KN; h represents the specimen thickness, mm; D is the recoverable
horizontal deformation across the sample, mm; and U is the Poisson’s ratio. The static split tensile
strength was evaluated with the static indirect tensile test with a loading rate of 2 in/minute and a

testing temperature of 50 oC. The split tensile strength was calculated according to:
ST=2Pmax/IThD

where: ST is the split tensile strength, psi; Pmax is the Load at failure, Ib, D is the sample diameter;
and h is the sample thickness, in.

The results indicated that the optimum asphalt contents according to the Marshall mix
design method were about 0.5 percent higher than those of the Hveem method, see Tables 2.16 and
2.17. Also, differences in bulk density, air void content, resilient modulus, stiffness, creep
compliance, and split tensile strength were observed. The resilient modulus and the split tensile
strength of the mixtures designed according to Hveem and Marshall are shown in Figures 2.16 and
2.17. As it can be seen from these results mixtures designed with the Hveem method provide higher
values of MR and tensile strength, thus, identifying the deficiency of the Marshall method.

The effectiveness of the indirect tensile test in evaluating tender mixtures, versus the
Marshall mix design was investigated by Khosla and Omer (1985). As it can be seen from Figure

2.18. Marshall stability did not correlate to the mixture tenderness, while good correlation between

splitting tensile
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Figure 2.16 Resilient Modulus at Marshall and Hveem Optimum Mix Design Tested at
50°C (Al-Abdul Wahhab 1991)
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Figure 2.17 Split Tensile Strength at Marshall and Hveem Optimum Mix Design Tested at
50°C (Al-Abdul Wahhab 1991)
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strain and strength with mixture tenderness were found. indicating that ITT better represent mixture

characteristics.

Improvement of Indirect Tensile Test Device and Creep Testing

Some investigators examined the development of an improved indirect tension apparatus.
Mohammed et al (1992), investigated the effectiveness of an improved apparatus, Louisiana
Modified (LM), designed according to recommendations of Federal Highway Administration, and

compared to the previous version of the apparatus. Louisiana Transportation Center device

(LTRC). The modified device is shown in Figure 2.19.

Evaluation of the new device was conducted by preparing 168 specimens, of 100 mm (4 in)
diameter by 62.5mm (2.5 in) height . and tested with the LTRC and LM devices. The specimens
represent a typical Type 1 Louisiana mixture with 65 percent crushed gravel, by weight, 25 percent
coarse sand, 10 percent fine sand and an AC-30. The specimens were prepared using 75 blows per
face of the Marshall hammer and tested with the static indirect tensile test at 4°C (40°F) and 25°C
(77°F) according to AASHTO T245-82. The test specimens were loaded to failure at a deformation
rate of 2 in/minute and the load to failure and the total horizontal and vertical deformations were
recorded. In addition, the repeated load ITT was conducted at 4°C (40°F) and 25°C (77°F) and 40°C
(104°F) according to ASTM D4123. During this test the samples were seated with a sustained load
of 22.6kg (50 Ib) and tested with a cyclic haversine load with peak load equal to 10 percent of the
indirect tensile strength. Conditioning of the sample was conducted with the sustained load until the
deformation rate of the specimen was essentially’ constant. The load frequency was 2 Hz with 0.1
second loading time and 0.4 second relaxation period, and the data acquisition system rate was 500
Hz. The response curves (load, vertical deformation, and horizontal deformation) over two cycles
were digitized. The data from these curves were then scanned to determine the instantaneous and
total recoverable horizontal and vertical deformation. Data associated with the beginning of the
relaxation period were used to compute instantaneous properties. Values associated with the end of

the relaxation period were used to compute total properties. Each specimen was tested at the three

temnperatures starting with the
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Figure 2.19 Louisiana Modified, LM, Apparatus ( Mohammad 1992)



Jowest temperature 10 minimize permanent damage 10 the sampie. At each temperature, the sample

was tested Twice; after the first test. the sample was rotated approximately 90 degrees and the test

was repeated.

Creep tests were also conducted at 25°C (77°F) using a ramp of load. (i.e.. a load changing
linearly increasing with time) of maximum load equal to 113.1kg (250 Ib) applied as quickly as
possible, and using the stress controlled mode of the MTS machine. The load and vertical and
horizontal deformations were monitored continuously with the data acquisition system. The test
was terminated either after 60 minutes of load duration or at failure. The mean horizontal
deformations and the mean vertical deformations were computed for each set of specimens. The

creep modulus was computed from the measured deformations as follows:
S(t)=P.(u + 0.27)/ t SH(t)

where: S(t) is the creep modulus at time t; Po s the applied vertical load; u is the Poisson’s ratio; t

is the sample thickness; and 8H(t) represents the horizontal deformation at time t.

Table 2.18 presents a comparison of the test results for the indirect tensile strength test at
two different testing temperatures and for the two devices, LM and LTRC. As it can be seen from
‘he Table both devices meet the ASTM C670 repeatability requirements. Overall, the repeatability
of the indirect tensile test with such devices is high, with a range of 2 to 9 percent. The repeatability
of the LM device was relatively higher in relation to the previous version of the device. In addition,
the difference in test results due to different operators was not significant, Table 2.19, (the same
letter on columns indicates that no significant difference exist between row variables). A
comparison between the values of the indirect tensile strength obtained with the two devices at the
two testing temperature indicated that the LTRC device provides higher values at 4°C(40°F) than

LM device while no significant differences were observed at 25°C (77°F), see Table 2.20.



Table 2.18 Comparison of LM and LTRC Indirect Tensile Devices Based on Present
Serviceability Index (Mohammad 1992)

o i s e L R e
Tecmoperature (*F) w0 | 77 T 0 | 17

1 assi w8y aasi 77

2460 :s gl 68

Operater ) 216 77 il 76

258 t9 307 83

260} 3 3144 74

275 7 310/ 77

Mean 1 2670 7l sis) 76

STD 6l 1 714
(%) CV 2 2 21 6h-

Repeatauility l y | v -y | v

2911 72 w87

273} o 347| 7

Operator 2 249§ -5 3211 72

- 2674 3 3631 74

2711 1 EIE] el

2621 sod  295i 70

Mean 270} T4y 136 70
5TD 11| R 61

(%)CV ] 5 s 8 9
Repeatabiliv. 1 v | v 1 y | v !

STD : Standard Deviation
CV : Coclficient of Variation

Y : Indicates Test1s Repeatadle as per ASTM C670.

Table 2.19 Effect of Operator on Mean Values of Indirect Tensile Strength Values for LM
and LTRC (Mohammad 1992)

Teit Device ! LM { LIRC |

Tcmpcrawre ("F3 1 40 | 7T | 40 | 77
Operator | VA | A | A | A
Operator-2 ! A ! A | A | A

Table 2.20 Effect of Testing Device and Testing Temperature on Mean Values of Indirect
Tensile Strength (Mohammad 1992)

Meckagicai Test Temperature (°F)
Property J Device 40 77
Indircet Teosiie I LTRC 1 A A
Streagth [iLM | B A
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. Table
2.21 indicates t=at the two devices provide different response at the low testing temperature. it may

Similar evaluation was conducted from the results of the diametral resilient modulus testing

be concluded that overall the effect of operator was significant in the evaluation of the
diametral resiiient modulus obtained with the two devices, Table 2.23, were found to be
significantly different. Finally the effect of the measuring system used in evaluating the ciametral

resilient modulus and Poisson's ratio, Table 2.24, was significant only for the evaluation of the later

parameter.

The creep modulus was calculated using either a computed Poisson’s ratio fom the
measured horizontal and vertical deformations or with an assumed value of 0.35. The indirect
tension creep modulus was statistically analyzed at time intervals of 5, 10, 100, and 500 seconds.
see Table 2.25. The test results were repeatable at those time intervals and the operator did not have
any effect on the measurements. Similarly the effect of test device was found to be insignificant,
with the exception of 500 seconds interval, for the case of calculated Poisson’s ration, Table 2.26.

When the Poisson’s ration was assumed the devices provided different resuits.
p

Finally, the potential effectiveness of the use of indirect tensile test for creep testing as
compared to the axial compression test was investigated by Harold (1989) based on the work of
Khosla and Omer (1985). The results of the study indicated that meaningful creep tzhavior
information can pe obtained using the indirect tensile test, Figure 2.20. As it can be seen om this
Figure, for short loading duration, no significant difference was found between the direct
compression and indirect tension stiffness evaluation whereas, for long load duration, a significant

difference was observed. Since, long load duration are typical of thermal loading conditions and

short duration ar= typical of wheel loading conditions its use in evaluating creep potential of asphalt

mixture under mighway loading is possible.
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Table 2.21 Effect of LM and LTRC on Mean Values of Indirect Tensile Strength Values

(Mohammad 1992)

“ocrutor | 1 Bl M ]
cmoerature (F} {40 | i) J 45 IR J
M Decvice I A | A | A A

LTRCDevice | 8 | A B A

Table 2.22 Effect of Operator on Mean Values of Diametral resilient Modulus

(Mohammad 1992)

DEVICE ) LM ! LTRC |
)-(c.uuremcn(l Zxensometer \ LVDT=-N l LVST-0 i _DT-N T LVDT-0 J
Devien

g [ O O [ O O O O O O o o
propertiaa  VMRI | MRTE MU M’U MRT] MUt MUT RS | MRTL MUl MUT MR 27T KU MUTI MRS EMRTE MUTEMUT
Opcrator 1 [ A | A} A AlAlAgAlAIAIA[A At ~1l Al ALATL AL AL AL
Operatorz L A | AL al atal al al abtal ala Ala il Al Al AlB 1 AL Al Al

MRJ = Instantancous Resilicnt Modulus
MRT = Toxal Rasilient Moduha

MUT = lnstanancous Poisson’s Ratio
MUT = Total Poisson s Ratio

Table 2.23 Effect of Testing Device and Measuring System on Mean Values of Diametral
Resilient Modulus (Mohammad 1992)

Mecasarement ~MDT - N DT -0
Sr'slem l o
(Mechanical | MRI lmm MUt MRI | MRTI MU} M
[ i e
| LM ba L Al Al AlAa T o s al
I tTrRc I B~ s i B{ BIB | 3.3 3|

MR = lnuanianeows Rasdiient Modulus
MRT = Total Resiliont Modutu

MUT = instantaneown Poissony Ratio
MUT = Towal Poissans Rano



Table 2.24 Effect of Measuring System on Mean Values of Diametral Resilient

Modulus
(Mohammad 1992)
[Tai Do | UM 1 LTRC ‘ #l]
Mechatucn MR | MRTY MUIIM MRJ | MRTj MUTI M
Propenics ‘ i \ UT}\ ll ‘

LvoT-Cl A At Bl BLA | A1 B A
ﬁ"DT—NiA‘AiAlA ~ 1 Al Al Al

E‘.c:mm:l:d A )l Al Al B

WA | Al NIAl A

MRJ = instaniancous Resilient Modulus
MAT = Total Reulieat Modulus

MUT = insisniancous Posoa’s Ratio
MUT = Toal Possoo's Rauo

Table 2.25 Effect of Operator Error on Mean Values of Creep Modulus

(Mohammad 1992)
Creep J . Calcuiated Poisson's Ratio ‘ Assumed Poissoa’s Ratio, MU = 035
WHodulus -
Time (seem) 150 1 oo 1 see [ s | o | o w0 |
Operator 1 | A LA | A [ a1 A | A | i A ]
Opcrator2 | A ~ 1 A~ 1 A | A~ 1| A T a~ 1+ A |

Table 2.26 Effect of Testing Device on Mean Values of Creep Modulus

(Mohammad 1992)
r Mecbagical \ Test l Time (sccoods) J
" Prooertics ] Device ﬁ l 10 | 100 ‘ 500 ‘
Calculated | LTRC | A | A i A [ A
Creecp Modulut F_ 1 A | A | A - | B |
\ Creep Moduius "“’i LTRC | A | A | A | A J
avmee MU =530 w1 8| 8 1 8 | B |
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SELECTION OF REPEATED-LOAD INDIRECT TENSILE TEST FOR
ASPHALT-RUBBER MIXTURE CHARACTERIZATION

It appears that the repeated load indirect tersiie represents one of the best testing methods
for characterizing asphalt mixtures and thus could be used in the design and evaluation of asphalt
rubber mixtures. The ITT test uses similar specimens 1o the standard Marshall method, (i.e., same
specimen dimensions with some modifications in mix preparation and compaction), describes
better mixture behavior than the standard mix design methods, and provides the possibility of
evaluating creep/rutting, fatigue, and low temperature cracking, the three typical modes of asphalt

mixture failure, that could eventually be incorporated as criteria in an integrated mix design

methodology.

The variety of recommended testing conditions proposed in ASTM D4123, have been
evaluated by several studies. (Boudreau 1992, Almudalteem1991, Kim1991). Some of the best
results, in terms of testing repeatability and the ability of the test to better describe mixture
behavior, were obtained with a load duration of 0.1 second, load frequency of 0.33 Hz, testing
temperature at 15°C (60°F), an induced strain of 50-75 microstrain, and a load magnitude equal to
50% of the static indirect tensile strength. Typically, 50-200 load repetitions are applied before
measurements are taken, and a 4.5kg (101b)- 22.62Kg (50 Ib) static load is being applied to keep
specimen in place. The failure criteria for the test is being commonly selected at 0.1" total
horizontal deformation. The selection of these testng conditions often depends on the

characteristics of the mixtures. and thus a preliminary evaluation will identify the best values.

Overall, some of the advantages reported on previous studies using the ITT test include: the
indirect tensile test appears to be practical and rather simple test method for characterizing the
asphalt concrete properties. and failure caused by tensile stresses; the testing specimens are easy 10
fabricate; it is possible to conduct the test with Marshall and an MTS apparatus for static and
repeated load respectively; no high rate of load is required for the test; the test provides ths
opportunity to evaluate the modulus of elasticity, Poisson’s ratio, fatigue and permanent

deformation characteristics. and provides the opportunity to quantify low temperature cracking and
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moisture susceptibility: e test can be conducted under a variety of test conditions, including
temperature, moisture ccaditions. and  loading characteristics. for determining the engineering
properties for elastic or “iscoelastic analyses: the variation in testing results is rather low compared

to other types of tests; (-2 test results are not affected by surface condition; failure occurs in an area

of a relatively uniform tensile stress

FACTORS AFFECTING ASPHALT-RUBBER MIXTURE PROPERTIES

Dry Process

Several studies investigated the factors affecting asphalt rubber mixture properties. A
variety of material considerations and testing conditions have been used in evaluating such effects
on asphalt rubber mixtures. the evaluation of these effect will aid in the development of the mix

design methodology and the design criteria. Thus. some of the main results from previous studies

on asphalt rubber mixtures are being reviewed herein.

The effects of mix variations on the properties of rubber-modified mixes were looked by
Takatlou (1980). The effects of aggregate characteristics and gradation, rubber content, air void
content, mixing temperature, curing time and surcharge load were investigated in this study. The
recommended aggregate specifications for asphalt rubber mixtures are shown in Table 2.27. For the
specific study conditions and materials to be used in the dry process, a "gap" in the gradation curve
of the aggregate, primary in the 1/8 to 1/4 in size range was recommended, as llustrated in Figure
221 and Table 2.28, for providing space for the rubber particles, Table 2.29. The asphalt cement
used in this study was an AC-5. Twenty different mix combinations were prepared and tested for
diametral modulus according to ASTM D4123. and fatigue at -6°C and + 10°C, see Table 2.30. The
mixture variables included two air void contents. two rubber contents, three rubber gradations. two

mix temperatures and curing times, and the use of surcharge load, Table 2.31.
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Table 2.27 Recommended Specifications for Rubber-Asphalt Mixtures Depending on
Traffic Levels (Takallou 1980)

Mix Designaton

A B C
Avenage daily mulfic 2,500  2.571-10,000 12500
Minimum thickness (ir.) 1.0 1.5 1.73
Sieve size (% aggrogae
passing) .
3 in. . 100
3hoin. 100
' ia.
3 in. 1C0 60-S0 5062
e in. 60—-80 30-44 30—
No. 10 23-38 19-32 19-32
No. 30 15=-27 13-2 12-22
No. 200 §-12 S-12 T-4
Ha-in. 10 No. 10 size {rzzdon 12 max 12 max
Preliminary mix design critena
Rubber, % of towd mux by
Weight 3.0 10 30
Volume (approx.) 6.7 6.7 6.7
Asphalt (% of total mix by
weight) 895 7.3-9.0 7.5-50
\Maximum voids (%) 20 > <0
100 - l

80
60 |-

l

20}

ol

PVEACENT PASSING

' . . . N :
+2Q0 #3145 10 »@ t.4° 3/87 3747

SIEVE SITE

Figure 2.21 Aggregate Gradation for Conventional and Rubber fodified Mixtures
(Takallou 1980)
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Table 2.28 Aggregate Gradation for Medium Traffic Level Mixtures (B) (Takallou 1780)

rezreentage Passing

Sieve Cap Dense Specification
Size Craded Traded for B Mix
e in. 10

i, i 0 100

3ain. 79 76 60-80

e in. 37 30-44
No. 4 55

Ne. 10 24 36 19-32
No. 30 18 13-25
No. 10 22

No. 200 2 8-12

Table 2.29 Rubber Particle Size Specification (Takallou 1980)

Percentage Passing

8020
Sicve Cooriz Tine Rubber
Sizz P Subber Blend®
‘e in. 100G 100
No. 4 Ti=T 76-92
No. 10 10-22 100 28-36
No. 20 0-3 50-100 10-24

%The S020 is &G sercent coarse and 20 pereent
fine rubber tn comawranon.



Table 2.30 Characteristics of Rubber-Asphalt Mixtures Specification ( Takallou 1980)

Table (7) Specimen Identification
(After Takallou 1980)
Rubber Mixing/

Rubber Blend Compactdon Asphalt Curc

Content (% fine/ Temperature Conwent  Aggregate Time  Sumcharge
Specimen (%) S coarse) (°F) (%) Gradadon (hr) (id)
A 3 80720 375,265 9.3 Gap 0 0
3 3 80/20 3751265 9.3 Gap 2 0
cC 3 80720 3751265 9.3 Gap 0 S
D 3 8020 4257265 9.3 Gap 0 0
2 3 80720 4250265 9.3 Gap 2 0
g 3 80720 4250265 9.3 Gap 0 S
G 3 80720 3751210 9.3 Gap 0 0
H 3 60/40 375268 7.5 Gap 0 0
! 3 07100 3751265 7.5 Cap 0 C
i 3 8020 4251210 5.3 Cap 0 0
¥ pA 8020 3751265 2.0 Gap 0 0
L 2 60740 3751265 72 Gap 0 .G
b 2 0o 3751265 7.0 Gap 0 0
N 3 8020 3751265 7.5 Dense 0 0
0 3 8020 3757265 7.5 Densc 2 0
P 3 80/20 3751265 7.5 Dense 0 S
Q 3 80720 4257265 7.5 Dense 0 0
P 3 80/20 4250265 7.5 Dense 0 0
S 3 80/20 3751210 7.5 Densc 0 0
T o) No rubber 3757265 5.5 Densc 0 0
J 3 07100 3757265 7.0 Densc 0 0

Table 2.31 Sample Preparation Characteristics Specification (Takallou 1980)

Vari{ables

Level of Treatment

Alr Voids, I

Rubber Content, X

7ubber Cradation (Ccarse/Fine)
“tx/Compactian Treatcenc, °

“{x Cucing ac 375°F and &25°F

izgregate Cradation

Zuarcharge

Coarse (80/10), Hediwa (50/40).

F 3757265, 415/285
0, 2 hrs
gap-graded, dense-~graded

0, 5 v

PFine (0/100)
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The mixtures were designed with the Marshall method and the resilient modulus and fatigue

life evaluation was conducted at the optimum binder level. Tze resilient modulus was calculated

according to:

Mr = f(u + 0.2734) / t(dh)

where: Mr is the resilient modulus. psi: f represents the dynamic load, Ib; u is the Poisson’s ratio n

this case assumed equal to 0.4; t is the specimen thickness, in: and dh is the total elastic horizontal

deformation, in. The fatigue equation was given by:
Nf =a(l/g)’

where: Nf is the number of repetitions to failure; a is the antilog of the intercept of the logarithmic

relationship; € is the initial tensile strain, in/in; and b is the slope of the logarithmic relationship

between fatigue life and initial strain.

The laboratory mix design results are shown in Table 2.32. As it can be seen from this
Table, the asphalt content required to reach a certain minimum voids level for rubber modified
mixes depends on aggregate and rubber gradation and content. Tyvpically, the coarser the rubber
more binder reach mixtures with lower stability and higher flow are obtained. Similarly, higher the
rubber confent higher the asphalt binder and lower stability is observed. The modulus and fatigue
results are shown in Table 2.33 while the effects of aggregate zradation, rubber gradation and
content, curing time and mixing temperature, and surcharge weight on resilient modulus and fatigue
life are shown in Figures 2.22 through 2.28. As it can be seen from these Figures, the use of
surcharge did not have any impact on resilient modulus, while it improve the fatigue life of the gap
graded mixtures. Curing time significantly increased the resilient modulus of dense graded mixtures
while a small decrease in fatigue life was observed for both gap graded and dense graded mixtures.

The use of finer rubber in gap graded mixtures significantly increased resilient modulus while 1t

decreased fatigue life. Gap graded mixtures
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Table 2.32 Design Characteristics of Rubber-Asphalt Mixtures
(Takallou 1980)

Rubber Design
Rubber Gradadon Asphalt  Marshall  Flow

Aggragae Content (% coarse/ Content  Suability  /2.01
Cradagen (%) % fine) (%) (b) in.)
Gap graced 2 0000 7.0 920 5
60/40 1.2 690 1
80720 8.0 665 3
3 0100 1.5 600 .5
607-2 1.5 650 22
80720 9.3 Re 3
Tenss graded O No rubber 5.5 1.500 Z
3 8020 1.5 330 Py

Table 2.33 Resilient Modulus and Fatigue Life of Rubber-Asphalt Mixtures
(Takallou 1980)

No. of Average Value of Air Average Value of N
Samples o !
. oids MR

Used in Average
Mix Calculatens Pereentage sD kst SD Value sD
A 3 217 0.06 1.872 27 29,237 3,629
B 3 35 0.12 2.044 128 29,7356 2,991
C 3 i 0.08 2,084 83 25550 7.600
D 3 4 0.08 2165 18 2208 1,504
E 3 5 0.03 2,149 52 24174 1,996
F 4 e 0.12 2,047 58 20,752 3,887
G 3 <03 0.27 1713 154 46,751 20.326
H 3 27s 0.08 2356 175 47.5% 256
1. 4 P 0.09 2,149 74 41154 5471
3 3 402 0.17 1,787 113 43271 4,617
K 3 32 0.07 235 50 29.062 7,012
L 3 T2z 0.05 2,488 127 753 4,920
M 2 k) 0.16 2,588 34 41788 2,075
N 3 2.22 Q.19 2,414 212 112,126 15,670
0 3 s 0.24 2.592 161 §71.032 18.825
P 3 o 0.09 2228 100 24,153 5.007
Q 3 i C.05 2116 94 53650 4,198
R 3 s 0.11 1939 133 21,141 2.354
S 3 Ets) 0.3 1.443 177 127,622 24,996
T 3 P C.13 3,163 133 18038 2.562
Note: SD=sunzirzc

s zn. Cpeetmen U was not tested for MR and N,. Test lemprrature wats -6°C:
strain level way 100 = ta

wn
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Figure 2.22 Effect of Curing Time and Surcharge on Resilient Modulus of Rubber Asphalt
Mixtures, at 10°C, 3% Rubber and 80/20 Blend (Takallou 1930)
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Figure 2.23 Effect of Curing Time and Surcharge on Fatigue Life of Rubber -Asphalt

Mixtures, at 10°C, 3% Rubber and 80/20 Blend (Takallou 1980)
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Figure 2.24 Effect of Rubber Content and Gradation on Resilient Modulus of Gap Graded
Mixtures at 10°C (Takallou 1980)
FATIEE LIFE

15000
T REEER

30000 n

Z ABSER

=
2

9
A

)
@,

O
R

25000

s
Z
D

J
03
S

20000

S
@,
R

Fine
iz

s
&5
S

&8
25

Vv
S
Oal

1

00
S
X

10000

XX
0%
XS

.,.
3
92

5000

SO
O
R

,.
:0
S

5
%
S

Figure 2.25 Effect of Rubber Content and Gradation on Fatigue Life Gap Graded
Mixtures at 10°C (Takallou 1980)

77



FSILIXT oS KS1)

XX 7o T Dense
ITF g (Ko Cure)
2 e

Cense
{1 Hrs Cure)

Cap
Cap (2 Nrs Cure)
(lio Cure) Cap
(5 Lbs Surcharge)

N

SN

NNNNNNNN
SN

NN
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with higher rubber content had a lower modulus, while mixing temperature had some effect on the

modulus o the dense graded mixtures, and the fatigue of gap graded mixtures.

Wet Process

The permanent deformation characteristics of asphalt-rubber mixtures were investigated by
Krutz (1992). For such evaluation the static and repeated-load creep test were used with mixtures
prepared with six different binders. The aggregate used, a crushed granite, had the gradation shown
in Table 2.34. Three asphalt binders were included in the study, AC-5, AC-20, and AC-40, with the
first two modified with crumb rubber with the characteristics shown in Table 2.35. The AC-S was
modified with the use of an extender oil, and the optimum binder contents were 8.5, 8.3 and 7.9%
of the total mix for the mixtures with AC-5, AC-5 and extender oil and AC-20 respectively. The
factorial experiment of the study is shown in Table 2.36. The 100 mm (4") by 200 mm (8") samples
were prepared allowed to cool overnight at room temperature before evaluating their bulk specific
gravity and height according to ASTM D2726 and D3515 respectively. The samples were cured for
24 to 36 hours in a temperature control chamber at 25°C (77°F) and 40°C (104°F) before evaluating
permanent deformation using the static and repeated-load creep test. Figures 2.29 and 2.30 illustrate
the static test results at 25°C and 40 °C respectively. Also, Figures 2.31 and 2.32 show the repeated
load creep test results at 25 °C and 40 °C respectively. The relative ranking of strain is changed
for both testing conditions when 25 °C test resuits were compared to 40 °C test resuits. The 25 °C
test resuits were useful to assess the loss in stiffness when compared to testing at 40 °C; however,
because of low testing temperature, they did not appear to be appropriate for characterization of
permanent deformations. The static test results at 40 °C  were not able to discriminate well
between mixtures. The repeated load testing at 40 °C indicated, in a concrete manner, the
difference that exist between the different binders. Thus the following conclusions were drawn:
permanen: deformation testing should be carried out at elevated temperature. Since rutting occur
primarily at high temperatures and the modified mixtures react differently at lower temperatures:

and the repeated-loading test should be used for permanent deformation evaluation since the static

test is not able to discriminate well between mixtures.
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Table 2.34 Aggregate Gradation and Specifications (Krutz 1992)

Seve Siz Libocamey | ASTM 03315 l Nevada ‘ Califsia
Gradadon v¢ Dema ~Type X ¥ Mol
umiasie Peres Puitlog 577 17 A
34 100 10 50-100 100
/T 98 50-100 - £5-100
T e & - €385 75-100
fe 58 “wn 4563 S1-74
/8 “ @ 2858 — 1557
¢ 16 i i} —_ _ -
¢+ o - - 1438
’50 14 5-21 - -
4100 9 —_ —_ —
/20 s 2.10 39 o11

Table 2.35 Gradation of Ground Tire Rubber (Krutz 1992)

S 52 BunlCRU || SoMamSe
_ N " Recoammendrioas
- Comsilarive Paroemt Pracng's
~". 10 100 100
- #16 100 100
s - oeN 7 70-100
“#40 m _
-~ 950 7 _
4% ki | 0-20
¢100 7 | -
= 02 | o5
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Table 2.36 Factorial for Permanent Deformation Evaluction
(Krutz 1992)

Binder ACS Ext. 0il | . . Acs : AC20 AC40
ModiZlers origqg. Rubber | Orig. Rubber | Zrig. Rubber Criqg. Rubber
. Added Added ! Added Added
|
static 7777 X X X 1 X X X
Load
104°F X X x X X X
!
Repeat. 77°F X X X i X X X
Load !
104°F | ‘ X X X I x X b

TOTAL OF 72 SAMPLES (each | Zenctes ) saoples)
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Figure 2.29 Compressive Strain Versus Time for Static Loading Conducted at 25°C
(Krutz 1992)
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Figure 2.30 Compressive Strain Versus Time for Static Loading Conducted at40°C

(Krutz 1992)
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Figure 2.31 Compressive Strain Versus Time for Repeated Loading Conducted at 25°C
(Krutz 1992)
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IMPROVED DESIGN PROCEDURES FOR ASPHALT-RUBBER MIXTURE

Mix design procedures used today. such as the Marshall and Hveem, are based on
empirically based procedures for selecting the binder content for specific aggregate
characteristics meeting criteria selected on the basis of experience. Investigations were performed
over the vears for modifyving these empirical based methods so as to improve mixture selection
for specific traffic and environmental conditions. The search for improving mixture designs was

oriented either to modify the existing procedures or define new mixture design methodologies.

Significant progress is being achieved over the years in measuring fundamental mixture
properties, (able to describe mixture behavior and relate to muxture distress failures), and
correlating them to mixture and material parameters. Monismith (1985), among other
investigators, considered the design of mixtures for specific traffic and environmental conditions
which will mitigate the modes of distress most commonly associated with asphalt pavements.
Some of the parameters considered in this effort were: mixture stiffness; resistance to permanent
deformation; durability; fatigue resistance; low temperature response (including stiffness at long
loading times and fracture characteristics; permeability. On the other hand, efforts investigating
the definition of new mixture design procedures include requirements on: fatigue cracking,

permanent deformation; thermal cracking; and consideration on limiting subgrade excessive

deformation.

For the design of dense graded asphalt rubber mixtures, prepared according to the wet
process, the Marshall and Hveem methodologies have been typically used. The open graded
mixtures prepared with asphalt rubber binders involves usually the determination of asphalt
content, void capacity, fine aggregate content, mixing temperature, and retained strength.

Generally, the amount of crumb rubber in asphalt rubber mixtures ranges from 15-25 percent by

weight of the asphalt cement.

The rubber modified mixtures prepared with the dry process are gap graded mixtures. The

use of Marshall or Hveem methods for these mixtures often did not provide satisfactory resuits.
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Traditional specimen preparation methods are used for these mixtures and the design is often
governed by the air void content, with values between 2 to 4 percent. The asphalt binder content

for these mixtures range from 7.5 to 9 percent. by weight of the mixture.
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CHAPTER 3. FACTORIAL EXPERIMENTS

INTRODUCTION

In order to achieve the objectives of this study, the laboratory investigation included several
experiments. These experiments were focused towards: evaluation of the conventional and
rubber modified binder; design of the conventional and rubber modified mixtures with the
standard NJDOT mix design method. these data were useful in coupling this method with
material behavior parameters so as to enhance the current methodology; evaluation of the
modified mixtures static indirect tensile charactenstics; resilient modulus evaluation; creep
behavior at different temperatures and stresses. and determination of the indirect tensile
fatigue life at different stress and loading conditions. The binder, rubber aggregate and

mixture characteristics considered in this study were selected from NJDOT experimental

projects with rubber modified mixtures.

NEW JERSEY DOT ASPHALT RUBBER PROJECTS

Several asphalt rubber projects were built during the recent years by New Jersev Department of
Transportation. The NJDOT experimental projects included mixtures prepared with both the wet
and dry processes. Specifically the following asphalt-rubber mixtures. prepared with the wet
process, were used by NJDOT: dense graded rubberized bituminous mixture for surface and base
course; open graded friction course rubberized bituminous mixture; rubberized mix with glass
addition for surface and base courses; rubberized mix with Reclaimed Asphalt Pavement (RAP)
addition, for surface and base courses. The dry process mixtures included: gap graded rubbenzed
bituminous mix. Plus Ride II, for surface and base course; rubberized mix with glass addition, for
surface and base courses; and rubbenzed mix with RAP addition, for surface and base courses.

Available project information with material and mixture characteristics are provided in Tables 3.1

and 3.2.
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In the wet process mixtures extender cii was used with the following charactenstics: 80 poises
minimum viscosity at 99 °C (210 °F) with ASTM D216; 199 °C (390 °F) minimum flash point with
AASHTO T48-84: 10 percent maximum asphaltene weight; and 55 percent minimum aromatic oil
by weight of asphait. The recommendations for asphalt rubber binder preparation included: heatng
asphalt cement. before mixing, at 177 °C (350°F) to 218 °C (425 °F), evaluate reaction time at 163
°C (325 °F) to 205 °C (400 °F), minimum mixing time 45 minutes; 1500-4000 cp viscosity at 177
°C (350 °F) with ASTM D2669; 30-150 tenths of millimeter cone penetration at 25°C (77 °F) with

ASTM D3407: 43 °C (110°F) minimum softening point with ASTM D36; and 10 percent minimum
resilience, 25°C (77 °F) with ASTM D3407.

AGGREGATE. RUBBER AND ASPHALT CHARACTERISTICS

The trap rock aggregate was obtained from the Trap Rock Industries, in New Jersey, a NJDOT
supplier. Four different sizes of raw aggregates were obtained for building the desired gradation: a
18.7mm (3/4”) and a 9.37mm (3/8”) maximum nominal size aggregates; screening material, and
sand. The sieve analysis on these materials was conducted according to ASTM C-136. The
gradations of these aggregates are shown in Table 3.3, and depicted in Figure 3.1. These
aggregates were then separated into ten fractions so as to prepare the recommended NJDOT
gradation for wet and dry processes. The sieves used for splitting the aggregates included: 25.4
mm (17) , 19.0 mm (3/4”), 12.5 mm (1/27), 9.5 mm (3/8”), 476 mm (¥ 4) , 2.38 mm (# 8), 1.19
mm (# 16), 0.6 mm (# 30), 0.3 mm (# 50), and 0.075 mm (# 200). The wet process is used with
dense graded mixture for wearing course as the one used for Route 1-95 project. The dense graded
mixture gradation with NJDOT specification limits is shown in Table 3.4 and Figure 3.2 . The dry
process (PlusRide II) is used with gap graded mixture for surface course. The selected gap graded
mixture gradation and NJDOT specification limits (as used in Route 130, Logan Township,

project) are illustrated in Table 3.5 and Figure 3.3.
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Table 3.3 Trap Rock Aggregate Characteristics

| Sieve Size % Passing |
inch (mm.) | Coarse Agg. | Fine Agg. Sand Screening |
19.0 mm (3/47) | 12.5 mm (3/87)
1" (25.4) 100 100 100 100
3/4" (19.0) 65.3 100 100 100 i
172" (12.5) 13.6 100 100 100
3/8" (9.5) 2.4 71.7 100 100 1
#4(4.70) - 56.1 98 4 100 |
#8(2.38) - 47.5 67.6 99.4 ;
#16(1.19) - 22.6 50.4 9.6
%30 (0.6) - ‘ 13.9 39.8 ‘ 83
#50(0.3) - \ 6.9 30.4 \ 22.3
#200 (0.075) - \ 3.6 98 \ 1.3
100 —— — :
- —A—3/4 inch Aggregate L iii;‘,:&-' ‘ \/ -_!1’ ‘/ ‘ : ‘ ‘
90 — — 4 — 3/8 inch Aggregate — ’ .'I| 't’ ‘ , ’ i 1 .
. -—:(_—"Zand' ‘ l_;_JHl ‘ ‘/’ ' '\'.I \/ \ f |
80 — " - crcevn;ng H :'1,:- e ! " i '
! :ll},il‘l ; \ iwill'il ' l :1; ' |
- R Dol 11 ! a !
9 : i | o X / %
) | - ‘ [/
: PEE—
B 5/ i /‘/ /:
< — e ;
" [ i - J'{"/ g i / , ) ' / yl
: | l o 7 ; cpb " . . .*
2 SRR SRS, SALD- / |'
T o ]
g X S
- | { .
01 0.1 ! 10 100

Sieve Size (mm) - Log Scale

Figure 3.1 Trap rock Aggregate Gradarions
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Table 3.4 Aggregate Gradation and NJDOT Specifications for Wet Process

[ sieve size

% Passing

inch (mm.)

Mixture
Gradation

Spec.

Limits

1" (25.4)

100

100

3/4" (19.0)

99

98/100

172" (12.5)

90

88/98

3/8" (9.5)

80

65/88

%4 (4.76)

51

35/65

£8(2.38)

345

25/50

£16(1.19)

27

18/40

=30 (0.6)

21

12/30

=50(0.3)

13

10/25

4200 (0.075)

44

5/10

|

100 | | [ s ' [ 1i!,1!x--x"x N liliy
~——t— Aggregate Gradation (Wet Process) 'l ‘ \ t ’l ‘ )’,/'-l ; \ ‘ \ \ X ||
S0 + = == - -Specifications Lower Limit — : ‘ - 1]"
- = X - -Specifications Upper Lumit 5!{‘!“ ) : ! \t\‘]“‘
80[ | ! P R R AN R . I L
| BRI oY ENEEEE
ol EREEI I R 11 I e
50 — —
! . “ ‘l‘!ll‘
50 - : 1; —
H [ 't“. "'
. \ “ll ;‘lll.‘ 1 li\i\f
07 IR I P : by
] BERE N RNatE y R
0 R w i T f H:i
R X ¥ RN
20 : ./"’ l .i\: ‘
i 1“!‘1“:4:' n _.‘4+““:‘I E I!]l '
10 - X = e ——
I i P
O'- 1“#‘-‘/ ii1 1 l!‘l'}_l_A_J
0.01 0.1 1 10 100

Sieve Size (mm) - Log Scaile

Figure 3.2 Aggregate Gradation and NJDOT Specifications for Wet Process
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Table 3.5 Aggregate Gradation and NJDOT Specifications for PlusRide IT

sieve size % Passing
inch (mm.) | Mixture Spec.
Gradation | Limits
172" (12.5) 100 100
3/8" (9.5) 70 60/80
4 4(4.76) 34 27/41
#8(2.38) 27 21/33
#16(1.19) 23 -
#30 (0.6) 19 13/25
#50(0.3) 16 -
#1200 (0.075) 10 8/12

100 | [ i A T T A : i';l“!l ) '

. —&— Aggregaie Gradation (PlusRide I) | || b \ | 'Il"r P
90 T = + — Specifications Lower Limit (l“r\ | ‘ H!“; ~
80 — - - O - -Spectfications Upper Limit ‘ G

B B N RN N I A
0 Lo , B

i

20 ! ,
_ |

i | ‘
3D — 1
. |
20 ‘ .
| 1 |
[ .

W0 5

0.01 0.1 1 10

Sieve Size (mm »Log Scale

Figure 3.3 Aggregate Gradation and NJDOT Specifications For Plus Ride I1
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The bulk. saturated surface dry, and effective specific gravities. and water absorption of the coarse

aggregate fractions were evaluated according to ASTM C-1

27. Similarly, the specific gravities of

the fine aggregate fractions were evaluated according to ASTM C-128, see Table 3.6.

Table 3.6 Aggregate Specific Gravity

Aggregate Fraction Specific Gravity
Passing From Retained On Bulk \ SSD* ‘ Apparent
25.4 (1") 19.0 (3/4 ") 2.747 \ 2.781 \ 2.845
19.0 (3/4 ") 12.5(1/2") 2.757 \ 2790 | 2850 |
12.5 (1/2") \ 9.5(3/18") 2695 | 2730 2794 J
95(3/8") \ 476 (# 4) | 2607 | 2.638 | 2‘691J
476 (# 4) 2.38 (#8) \ 2.669 \ 2.749 } 2.901 J
2.38 (# 8) 1.19 (# 16) \ 2.658 \ - \ - J
1.19 (# 16) 0.6 (# 30) \ 2.475 \ - \ - \
0.6 (# 30) 0.3 (# 50) \ 2.151 \ - - J
0.3 (# 50) \ 0.075 (# 200) \ 2.794 \ - - J
0.075 (# 200) \ Pan \ 2.683 \ - -

|

* SSD = Saturated Surface Dry

In the 1-95 surface course project, two types of crumb rubber were used. As for the construction

projects, these two crumb rubbers were obtained from Baker Rubber Inc. in Pennsylvania. The first

one was a TR-24 while the second was a MAT-20 identical to the TBS-20 used in the I-95 project.

The gradations of these crumb rubber types along with the NJDOT specifications are shown 1n

Table 3.7 and Figure 3 4. The NJDOT specification requirements for the crumb rubber was met by

using 89 percent of TR-24 and 11 percent Mat-20. An extender oil, Sundex 790, was also used,

and obtained from Asphalt Rubber System Inc.

BIY)
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Table 3.7 Crumb Rubber Characteristics and NJDOT Specifications for Wet Process

Sieve size

% Passing \
(mm) TR-24 MAT-20 | Composite ,
#10(2.0) 100 100 100
#16(1.19) 100 100 100
#30 (0.595) 73 56 71
=80 (0.177) 14 7 13
# 200 (0.075) 33 0.9 3
Percentage 89 11

100 - _ —— X X —

t ——A— Rubber Gradation (Wet Process) | \ \\ \ ! \r \ Lo \ R
90 {— - - 4 - -Specifications Lower Limit rl ‘ 1 \ ]'./ T T 1\ ‘ \‘l
30 IL_. -« X - -Spezifications Upper Limit L i ' b li

- L VA
70 — —— ‘ |

RN
50 - - — . l

; U . :
. IR c /0 .
50 ¢ — _ ‘ .
: . [ . 1o 7 :
10 ‘\‘lll S /‘El‘¥"f ‘l \‘1
L O R o
“0: ] L . : oot b i i Coi
> ' ot , : [ | ;
1[7 "l'll\]! .7/ \l\.-{-i: \ 1}l|\i
70 | Pt 2 i P ‘
20 'l\“‘ i R l ‘
] IR ' S o
10! IR REE . , ;
Nt e i L . . L
0.01 0.1 1 10

Sieve Size (mm) - Log Scale

Figure 3.4 Rubber Gradation and NJDOT Specifications for Wet Process
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PlusRide I crumb rubber was obtained from Tires Into Recycled & Supplies Inc. in Winston-
Salem. North Carolina. Four different sizes of crumb rubber are provided for building the desired
gradation: €25 mm (1/47), and a 4.74 mm (3/16”) maximum nominal size rubbers; 10-mesh
rubber: and ABD-215 fine crumb rubber. These crumb rubber materials were then separated into
four fractions so as to prepare the recommended NJDOT gradation for PlusRide II. The sieves
used were 6.25 mm (1/4”), 4.76 mm (#4), 2.0 mm (#10), and 1.02 mm (#20). The crumb rubber
gradation and the NJDOT specification limits are shown in Table 3.8 and Figure 3.5.

The asphalt cement used in this mixture was an AC-10 provided by Koch Matenals Co., in New

Jersey. The physical properties of this binder were evaluated and presented in the next chapter
along with the modified bincer evaluation.

ASPHALT RUBBER BINDER PREPARATION (WET PROCESS)

The steps undertaken for preparing the asphalt rubber binder in the laboratory, and suggested by
Asphalt Rubber Systems Inc., included: 1) the asphalt cement, AC-10, was heated with the extender
oil, Sundex 790, to 205°C (400°F), and poured into the mixer pan; ii) the binder and extender oil
were then mixed with a variable speed mixer till 500 rpmy; at a temperature of 190°C (375°F) the
crumb rubber (TR-24 and MAT-20) was added at once; the blend was mixed for 45 minutes,
starting from the time the rubber was added, while the temperature was kept constant dunng
mixing at 177°C (350°F); after the 45 minutes of blending time, the mixer was stopped and the
temperature of the binder was kept constant until it was used for specimen preparation. The
compostion of the rubber modified binder was thus: 75 percent asphalt cement AC-10; 7 percent

extender oil Sundex 790: 16 percent of Baker Rubber TR-20; and 2 percent of Baker Rubber
MAT-20.
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100

90

30

70

60

50

10

Table 3.8 Crumb Rubber Characterisucs and NJDOT Specifications for PlusRide IT

sieve size | % Passing
in (mm) Rubber Spec.
Gradation | Limits
1/4" (6.25) | 100 100
#4 (4.76) | 78 60/80
# 10 (2.00) 34 27/41
#20(1.02) 27 21/35

—— & Rubber Gradation (PlusRide I) \ \ \ “ /{ bl
— — —+ — Specifications Lower Limit .I [ l! 1|
- - © - - Specifications Upper Limit | \ \ \ \ ) ,‘ E \ \
: . . : : ‘ |

oo ' AL T :
\ N ‘ ‘ ‘l iﬁri i \ \
! ! | | : i : ;! !
! f l i ,'ll /' 1 11 ‘
! [ i . . 1
] YA .
H ": ' /’
! / o s
: P e e L
1: ] '- l o" ‘,/ } 1 l
‘ | o 0 i P
- e 1
| 1 ; L,__— ' ' ,; ‘ =: l
| ] | “:
! b :

‘ H w b
! : b i i
0.1 1 10

Sieve Size (mm)-Log Scale

Figure 3.5 Rubber Gradation and NJDOT Specifications for PlusRide 11



EXPERIMENTAL DESIGN AND TESTING

During the first phase of the study the following major areas were investigated: evaluation of the
asphalt - rubber binder properties with mixing time so as to evaluate the reaction time of the
modified binder and the effects of aging; design and analysis of conventional and asphalt-rubber
mixtures using the Marshall method of mix design, and data collection on mixture behavior so as to
investigate coupling of the Marshall method with mixture behavior and performance related
variables; evaluation of the static indirect tensile and repeated-load indirect tensile characteristics of
conventional and asphalt rubber with varying testing conditions, so as to identify the best testing
method and testing conditions to be used in the development of the integrated mix design method.
In the second phase of this study PlusRide II mixtures were prepared and tested following the same
testing program of the wet process. Fatigue and rutting characteristics of the wet process mixture

and PlusRide II were also investigated in this phase. In order to achieve these objectives the

following testing was conducted.

Asphalt-Rubber Binder Experiments

In order to evaluate the asphalt rubber binder properties with increasing blending time the factorial
of Table 3.9 was defined. The recommended mixing time for the asphalt rubber binder used in the
wet process mixtures by NJDOT was 45 minutes. Thus, from the asphalt-rubber binder, prepared
according to the laboratory method identified by Asphalt Rubber Systems Inc., samples at 20, 40,
45, 50, 60, and 90 minutes of mixing time were taken and tested. The first set of experiments
included evaluation of the penetration, with the standard needle at 4°C (39.2°F) and 25°C (77°F)
and cone at 25°C (77°F), kinematic viscosity at 177°C (350°F), softening point, flash point, and
specific gravity. To be noticed that viscosity evaluation with the Brookfield viscometer was not

possible at this time due to equipment constraints. The conventional binder properties were also

evaluated for comparative analysis.
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Table 3.9 Conventional and Asphalt Rubber Binder Factorial Experiment

\ Test AC-10 l\ Asphalt-Rubber Binder |
1 \ Mixing Time (minutes) \
l‘ i 20 40 | 45 \ 20 t 60 \ 90
T Penemation Test. Needle. AASHTO T—9 (ASTM D-3). N X X X | N ‘ X N
At 25 °C (77 °F). 100g. and 5 Sec. \ ‘\ 1
Penetration Test. Needle. AASHTO T—49 (ASTM D-5). X X X x | x X X
at 4 °C (39.2 °F). 200g. and 60 Sec. ‘\
Cone Penetration Test. ASTM D-3205 X X X X | X X X
at 25 °C (77 °F). 200g. and 5 Sec. \
Kinematc Viscosity Test. AASHTO T-201(ASTM D- X X X X ‘ N X X
2170) at 177 °C (350 °F). Test Temperature |
i Softerung Point Test. AASHTO T-33 (ASTM D-36) X ‘ X X Xopox | ox N
i Flash Point Test. AASHTO T-79 (ASTM D-3143) N l x| ‘
\ Specific Gravity Test. AASHTO T-228 (ASTM D-70) X \ X X X \ X \ X X
Thin Film Oven Test AASHTO T-179 (ASTM D-1754) x \ x | x \ X \ X |

samples at

In order to examine the aging effects on the asphalt rubber binder penetration and viscosity on

aged samples, Table 3.10, with the thin film oven test were conducted. For this investigation,

Table 3.10 Factorial Experiment for Aged Samples

Test

| AC-10 | Asphalt-Rubber Binder

Mixing Time (minutes)

\ 90 | 35| 0 \ 60
Penetration Test. Needle. AASHTO T-49 (ASTM D-5). X X X X X
At 25 °C (77 °F). 100g. and 5 Sec. \
Cone Penetration Test. ASTM D-3205 N X x | X X
Lt 25°C (77 °F). 200g. and 5 Sec. \ " \
Kinematic Viscosity Test. AASHTO T-201(ASTM D-2170) at 177 X X X1 0x X
°C (350 °F). 350 F Test Temperature l\
\ Softerung Point Test. AASHTO T-33 (ASTM D36) \ X J < l‘ < i X l <

Note all samples aged with Thin Film Oven Test AASHTO T-179 (ASTM D-1754)
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40, 45. 50, and 60 minutes of mixing time were taken and tested in penetration. with the

standard needle and cone at 23°C (77°F), kinematic viscosity at 177°C (350°F), and sofiening
point.

Marshall Mix Design and Behaviors

In order to examine the design of the conventional and rubber modified mixtures, and generate
the necessary data on mixture behavior and performance related variables to be used in
improving the current Marshall method of mix design, the factorial of Table 3.11 was defined.
Three sets of asphalt mixture specimens were prepared and tested: conventional mixture (dense
graded for wearing course); asphalt-rubber mixture (wet process), and third with rubber-filled
mixture (dry process). The samples, at different levels of binder content, were prepared
according to the standard Marshall method, ASTM D-1539, with 75 blows per each face of the

specimen. The 100mm (4”) diameter by 62.5mm (2.5”) height specimens were prepared
according to the following steps: the aggregate was heated at 149°C (300°F), at the same
temperature the aggregate was mixed with the asphalt cement to produce the conventional

mixtures; the heated aggregate was mixed with the modified asphalt-rubber binder prepared at

Table 3.11 Marshall Design of Conventional and Modified Mixtures

Binder Content 1 Conventional | Asphalt-Rubber ‘ Rubber-Filled Mixtures
(% by Total Weight) Mixtures Mixtures (wet Process) (PlusRide II)

40 *

45 . . *

5.0 * * *

5.5 - * *

6.0 * * *

6.5 *

Note: three replicates n =3



177°C (350°F) to produce the asphalt-rubber mixtures (wet process), the heated aggregate was
blended with 3 percent treated crumb rubber, by mixture weight (the crumb rubber was treated
with 10 percent Sundex 790, by crumb rubber weight, prior of mixing with the aggregate) and
the heated asphalt cement was then added and mixed at 149°C (300°F) to the produce asphalt-
rubber mixtures (PlusRide II). The mixtures were compacted using the standard Marshall
hammer with 75 blows per face at compaction temperatures of 300°F for both conventional and
PlusRide II samples and 325°F for the wet process samples. the conventional specimens were
allowed to cool at room temperature before extracting them from the molds, while the asphalt-
rubber specimens (wet process and PlusRide II) were left in the molds for 15 hours before

extracting them to avoid any specimen damage, swell, and/or cracking.

In order to study the behavior of the mixtures during Marshall testing the stability and flow
characteristics need to be monitored with time. Thus, the mechanical dial gauges of the
apparatus were replaced with Linear Variable Differential Transducers, (LVDTs). In this study,
the proving ring mechanical dial gauge was replaced with an LVDT Model 351-0006, and with
a sensitivity of 4.2873 VDC/ incl/Volt Input. The flow mechanical dial gauge was substituted
with an LVDT, Model LD600-25, with sensitivity of 16.5 mV/mm/Volt Input. The LVDTs
were connected to a data acquisition system and a power supply was used to produce the DC
input voltage for the LVDTs. The data over time were collected with a data acquisition

software. Notebook. at a sampling rate of 4 Hz ( 4 readings per second). The input voltage for
the LVDTs was set at 25 Volts.

Static Indirect Tensile Testing

The tensile strength characteristics of the asphalt-rubber mixtures was looked at with the static
indirect tensile test. In this experiment specimens of 100mm (4”) diameter and 62.5mm (2.57)
thickness were prepared with the materials and characteristics of the wet and dry process
mixtures, previously described. Mixture compaction was similar to the one recommended in
ASTM D-1561, and using the Material Testing System, MTS, machine with a compactor foot

and round-nose steel rod locally fabricated. The mixture preparation and compaction steps
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follow: in the wet process. the aggregate was heated at 177°C (350 °F) and mixed with the
asphalt rubber binder to produce mixtures at different binder content, see Table 3.12; in
PlusRide IL, the aggregate was heated to 149°C (300F) and blended with 3 percent of pre-treated
crumb rubber, by mixture weight, before mixing it with the heated asphalt cement at the
temperature of 177°C; both wet process and PlusRide Il mixtures were cured at 60°C (140°)
for 15 hours, and then heated at 177°C (325°F) and 149°C (300°F), respectively, for
compaction. First, one half of the mixture placed into the molds was rodded, 20 times in the
center and 20 times around mold edges, and then the second half was added and rodded with
the same technique. The specimens were then compacted with the MTS by applying 25 tamping
blows at 36kPa (250 psi) followed by another 150 tamping blows at 72 Kpa (500psi) pressure
on the total cross area of the specimen and by rotating the mold under the piston at 40° apart
After compaction the specimens (wet process and PlusRide IT) were kept at 60°C (140 °F) for 3
hours and a leveling load of 5701Kg (12600 Ib) was used. Finally, the specimens were allowed

to cool for 15 hours before extracting them from the molds for avoiding cracking.

Table 3.12 Mixtures for Static Indirect Tensile Test Evaluation

Binder Content Asphalt-Rubber Rubber-Filled
(% by total weight) Mixture Mixture
(Wet Process) (PlusRide II)

40 * J
45 *
5.0 * *
55 * *
6.0 * *
6.5 *

Note: * Three replicates n=3
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Repeated-Load Indirect Tensile Testing and Experimental Design

In the effort to evaluate the effectiveness of repeated-load indirect tensile test for characterizing
asphalt-rubber mixtures. so as to develop an integrated mix design procedure, the wet process
and PlusRide I mixtures were prepared with the same technique as for the static indirect tensile
test, and tested, see Table 3.13. The evaluation of the mixtures with the repeated-load indirect
tensile test may be conducted at different testing conditions, ASTM D-4123. Based on the
results of past studies and asphalt rubber mixtures with a loading frequency of 1 Hz, with a load
duration of 0.1 seconds (representing the actual field loading conditions), and a resting period of
0.9 seconds were chosen. Two levels of loads were investigated with each asphalt rubber

mixture: 10 percent and 30 percent of the indirect tensile strength, and two testing temperatures,
of 5°C (41°F), and 25°C (77°F), see Table 3.14.

Table 3.13 Mixtures for Repeated Load Indirect Tensile Test

Binder Content Asphalt-Rubber Rubber-Filled
(% by total weight) Mixture Mixture
(Wet Process) (PlusRide IT)

40 * J
45 *
5.0 * *
55 * *
6.0 * *
6.5 *

Note: * Three replicates n=3
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Table 3.14 Repeated-Load Indirect Tensile Testing Conditions

Load Frequency Load Testing Temperature

(HZ) Duration (°F) ';
(Sec)
41 77
|
Applied Load (% of INTS*) |
|
10 30 10 30
|
|

1 0.1 X X X X

* INTS = Indirect Tensile Strength x = three specimen n= 3

Diametrical Fatigue Test Specimens and Experiment Design

Fatigue behavior of both wet process and PlusRide II mixtures were investigated using the
repeated-load diametrical fatigue test. Mixtures with the same technique as for the static indirect
tensile test specimens were prepared and used for testing. Samples, 101.6mm diameter by
63.5mm height (4~ diameter by 2.5” height), were prepared with binder contents ranging = 0.5
percent around the Marshall optimum binder content, see Table 3.15. Fatigue life or asphalt
mixtures may be conducted at different testing conditions. Based on past studies a loading
frequency of 1 Hz with a load duration of 0.1 seconds (representing the actual field loading
conditions), and a resting period of 0.9 seconds were chosen (similar to the repeated-load
indirect tensile test conditions). Two levels of loads were investigated with each asphalt rubber
mixture, 15 percent and 30 percent of the maximum static indirect tensile strength, at 25 °C (77
°F) testing temperature (representing the actual field in-service temperature). A seating load of

15 Lb was used during testing and a cumulative permanemt horizontal deformation of 2.5 mm
(0.1 in) was used as the failure crrtena.
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Table 3.15 Mixtures for Repeated Load Diametrical Fatigue Testing

i Binder Content

| % Asphalt-Rubber Rubber-Filled
(% by total weight) Mixtures Mixtures l{
| (Wet Process) (PlusRide II) I;
Marshall Optimum + 0.5 | * *
Marshall Optimum | * *
Marshall Optimum - 0.5 | * * J
* Three specimens n =3

Repeated Unconfined Triaxial Creep Test and Experimental Design

Creep behavior of both wet process and PlusRide II asphalt-rubber mixtures were evaluated
using the repeated-load unconfined triaxial test. Mixtures with the same technique as for the
static indirect tensile test specimens were prepared and used for testing. Samples, 101.6mm
diameter by 203.2mm height (4” diameter by 8” height), were prepared with the same binder
content as for the fatigue test samples, Table 3.15. The samples were compacted in three layers
using the MTS machine and the same compaction foot. locally fabricated, as recommended by
ASTM D-1561. A Haversine with constant stress mode pulses with 0.5 Hz frequency and 0.2
sec load duration was used in compacting the samples. Each lift is compacted prior to adding the
next. The first (i.e. the bottom) lift was compacted with 18 blows at 250 psi followed by another
90 blows at 500 psi. the second (i.e. the middle) was compacted with 24 blows at 250 psi
followed by 120 blows at 500 psi and the third (i.e. the top) with 30 blows at 250 psi followed
by 150 blows at 500 psi. In the beginning trial samples were compacted with different numbers

of blows per each layer and the air void of each layer was evaluated. The above number of

blows were found appropriate to obtain uniform density samples.

Based on early studies, the repeated-load creep test was conducted at two temperatures, 25 °C

(77 °F) and 40 °C (104 °F), with two stress levels, 345 Kpa (50 psi) and 138 Kpa (20 Psi)



respectiveiv. see Table 3.16. Loading trequency of 1 Hz with a load duration of 0.1 seconds
(representinz the actual field loading conditions), and a resting period of 0.9 seconds were

chosen similar to the repeated-load indirect tensile and fatigue testing conditions. Sampie
seating load of 10 Lb was used.

Table 3.16 Repeated-Load Unconfined Triaxial Creep Testing Conditions

Load Frequency Load Testing Temperature |
(HZ) Duration °C (°F)
(Sec)
25(77) 40 (104) i
Applied Stress, Kpa (psi) I
138 (20) 345 (50) \
1 0.1 * * \
* Three specimens n =3
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CHAPTER 4. ASPHALT RUBBER BINDER AND MARSHALL RESULTS

INTRODUCTION

One of the objectives in incorporating rubber into asphalt mixtures is to improve the physical and
mechanical properties. For asphalt rubber mixtures prepared with the wet process the asphalt
cement is preblended with the rubber at high temperature and specific blending conditions. Binder,
and consequently mixture properties. are enhanced if compatible materials and appropnate
blending, mixing and curing conditions are used. In the wet-process, when sufficient blending time
and heat are provided a partially polymer modified asphalt is achieved, in which rubber is slowly
depolymerized. High degree of interaction between the asphalt and the rubber is thus desired in
order to accelerate the depolymerization of rubber particles. Such interaction is influenced by
several factors. For example, finer rubber gradations provide higher surface area and thus are more
reactive with asphalt. Rougher rubber surface and with high natural rubber content or rubber
hydrocarbons accelerates the rubber-asphalt interaction. Blending temperature also affects the rate
of interaction, and typically a temperature between 149°C (3 00°F) to 204°C (400°F) is being used.
As a result the time of blending, depending on the degree of this interaction, may vary with matenial
composition and characteristics and blending conditions. Therefore, it is essential to examine the
2sphalt binder interaction for the specific combination of asphalt-rubber used. Thus. one of the
objectives of this study was 10 examine the VIsCosity versus time relationship, and the effect of
blending time on other binder properties. For this evaluation both modified and modified-aged

binder samples were prepared according to the binder proportioning and specifications identified
and used by NJDOT.

In the lack of improved and proven mix design methods several agencies, including NJDOT. use
the traditional mix design method. Marshall. In this investigation conventional and asphalt rubber
dense and gap graded mixtures were prepared and tested. The mixtures were prepared with typical
materials and characteristics representing NJDOT mixtures. The asphalt rubber mixture (wet

process) represents the surface course material used in experimental field sections on IH-95 and



-oute 1-225. NJDOT specifications for surface course aggregate and crumb rubber gradations are

used in asphalt rubber mixture (dry process) preparation.

ASPHALT-RUBBER BINDER CHARACTERIZATION

The kinematic viscosity test results for aged and non-aged samples are shown in Table 4.1. Since
+he Brookfield Viscometer. suggested by FHWA for modified binder evaluation. was not available
at the time of testing, additional standard binder tests were considered for verifiing the results of
kinematic viscosity. These tests included cone and standard needle penetration tests. and softening
soint. Tables 4 2 through 4 3 provide these test results at different blending times while Table 4.6
oresents the specific gravity of non-aged samples. The plots of these data versus tlending time are
shown in Figures 4.1 through 4.4. As it can be seen from Figure 4. 1, showing the effect of blending
time on the kinematic viscosity of non-aged rubber asphalt binder, the viscosity increases during the
frst 45 minutes of blending. During this period the crumb rubber reacts with the asphalt cement,
and the crumb rubber absorbs the aromatic oils (polymer swell). Such increase in viscosity has been
also attributed to the swelling and adhesive characteristics of the crumb rubber modifier. The
viscosity reaches its maximum value, while with blending time exceeding the 45 minutes the rubber
starts 1o breakdown and the viscosity is significantly reduced. An equivalent effect "vas observed on
“he penetration results with the standard needle or cone as shown in Figures 4 2 and 43 ‘As it can
be seen from these Figures. penetration reaches a minimum at about 45 minutes of blending time.
The softening point plot, Figure 4.4, indicates a maximum value at 45 minutes of blending. The
effects of aging, see Tables 4.1 through 4.5, indicated that a higher penetration and lower viscosity
than the non-aged samples, was obtained for the same blending time. This might be indicative of
‘he binder deterioration with continuous exposure to heat, in this case representing the aging
effects of production and laying operations, thus providing a softer binder. possibly in the
degradation side of the reaction curve. In order to limit such effects shorter blending time.
sroviding a partially reacted rubber and asphalt, might be appropriate so that aging effects during

production and laying operations provides the desired binder properties and stiffiness.
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From a comparison of the properties of the conventionai binder. AC-10, Table 4.7, and the asphait
rubber binder. it can be concluded that the penetration of the modified binder was reduced. whiie

the viscosity and softening point increased. indicating that a harder binder was achieved. with

potentially better rutting resistance potential.

Table 4.1 Kinematic Viscosity of Asphalt-Rubber binder (177 °C)

o Kinematic Viscosity |

Asphalt-Rubber mm’/Sec (cSt)

Binder
Blending Time Non-Aged Aged
(Minutes) Samples | Samples

\ 20 | 11832 | - |
{ 40 | 13705 | 12772 |
| 45 | 16253 | 15321 |
| 50 | 12532 | - ]
| 60 | 11878 | -
| 90 | 11052 | - |

Table 4.2 Cone Penetration of Asphalt-Rubber Binder
(200 gm, 5 sec.. and 25 °C)
Asphalt-Rubber

Cone Penetrauon (0.1 mm) J

Binder
Blending Time \ Non-Aged Aged
(Minutes) Samples Samples
L i
| 20 | 936 | -
[ 40 | %06 | 96 |
i 45 | 366 | 386 |
l 50 | %02 | -]
| 60 | 962 | -
90 | 1048 | - |
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Table 4.3 Needle Penetration of Asphalt-Rubber binder

(100 gm, 5 sec.. and 25 °C)

| Asphalt-Rubber Needle Penetration (0.1 mm)
Binder '

Blending Time Non-Aged \ Aged \

r (Minutes) Samples Samples

\ 20 853 | -

40 840 | 912

45 822 | 858 |

\ 50 83.8 | -

| 60 86.0 | -

| 90 | 886 | - |

Table 4.4 Needle Penetration of Asphalt-Rubber Binder

(200 gm, 60 sec., and 4 °C)

Asphnalt-Rubber

Needle Penetration of |

| Binder

|  Blending Time Non-Aged Samples

, (Minutes) (0.1 mm)

|

| 20 63 |

40 59 ]
45 54 H

_ 50 56 B

60 [ 65 |
90 l 69 |




Table 4.5 Softening Point of Asphalit-Rubber binder

Asphalt-Rubber

Softening Point (°C)

Binder
Blending Time Non-Aged Aged
(Minutes) Samples Samples
|
20 [ 4550 - |
40 | 4755 1698
45 | 48.80 47 38
50 l 4835 -
60 | 4815 -
90 | 48.13 -

Table 4.6 Specific Gravity of Asphalt-Rubber Binder

|

Specific Gravity

Asphalt-Rubber | of s

Binder ‘ |
Blending Time " Non-Aged

(Minutes) Samples |

20 l 1.038 ‘

40 | 1.038 1

45 [ 1.040 !

50 1 1.039 \

60 | 1.039 |

90 ’1, 1.039 |
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Table 4.7 Asphalt Cement. AC-10. Characteristics

Test Value
Non-Aged Samples
Penetration Test, Needle, AASHTO T-49 (ASTM D-5), At
25°C (77 °F), 100g, and 5 Sec. 98.20 J
Penetration Test. Needle. AASHTO T-49 (ASTM D-3), at 46.00
4 °C (39.2 °F), 200g, and 60 Sec.
Cone Penetration Test, ASTM D-3205 103.40
at 25 °C (77 °F), 200g, and 5 Sec.
Kinematic Viscosity Test, AASHTO T-201(ASTM D- 39.13
2170) at 177 °C (350 °F), Test Temperature
Softening Point Test, AASHTO T-53 (ASTM D-36) 39.10
Thin Film Oven Test AASHTO T-179 (ASTM D-1754) 1.027 J
Aged Samples \

Penetration Test. Needle. AASHTO T-49 (ASTM D-3), |
At 25°C (77 °F), 100g, and 5 Sec. \ 55.40J
Cone Penetration Test, ASTM D-3205 57.00
at 25 °C (77 °F), 200g, and 5 Sec. \
Kinematic Viscosity Test, AASHTO T-201(ASTM D- 51.64
2170) at 177 °C (350 °F), 350 F Test Temperature
Softening Poimt Test, AASHTO T-53 (ASTM D36) 4410
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MARSHALL TEST RESULTS AND ANALYSIS

The Marshall test results for the conventional and asphalt-rubber mixtures are shown in Tables 4.8,
while Figures 4.5 through 4 10 illustrate the effects of binder content on stability, mixture density,
air voids. voids in the minerai aggregate. flow and voids filled with binder. According to the
standard Marshall method. :he optimum binder content, based on stability, 4% air voids and
density, is found to be 5.03. 6.13, and 5.0 percent by the total weight of the mixture, for the
conventional, the wet process. and the dry-process asphalt rubber mixtures, respectively. Mixture
characteristics at the optimum binder content are shown in Table 4.9. The optimum binder content
of the asphalt rubber mixture (wet process) is higher than the conventional one since a higher
viscosity asphalt rubber binder is being used in relation to the conventional asphalt cement. With a
higher viscosity binder, the coated film is expected to be thicker. Since the same aggregate type and
gradation is being used for both conventional and asphalt rubber mixture (wet process) and with
the same aggregate surface area, a higher percentage of asphalt-rubber binder is required for
coating the aggregate. Also, the thicker binder film with the higher viscosity will result in a lower
density for the asphalt rubber mixture (wet process). A mixture with higher binder content will
provide a lower mixture density since the specific gravity of the binder in relation to the aggregate
is lower, 1.06 versus 2.61 respectively. In addition, the use of higher viscosity asphalt rubber binder
makes it more difficult to fill with the binder additional voids during compaction. The results of
density, voids filled with binder and air voids of the conventional and asphalt-rubber mixtures (wet
process) reinforce this phenomenon.  The thicker coating film of asphalt-rudbber binder will also

decrease the aggregate interlock between the aggregate particles. resulting thus in a lower stability,
and higher flow.

Aggregate gradation is the most important difference between the conventional and asphalt rubber
mixture (drv process). To provide space for the rubber particles, it is necessary to create a gap n
the aggregate gradation curve. primarily in the 3 18 mm (1/87) to 6.25 mm (1/4”) size range, see
aggregates characteristics in chapter 3. Figure 3.3. The rubber particles repiace a portion of the
aggregate particles that normaily occupy the same size range. This makes the density of the asphalt

rubber mixture (dry process) lower than that of the conventional mixtures since the specific gravity
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of the crumb rubber particles is much lower than that of the aggregate particles. The crumb rubber
particies make the asphalt rubber mixtures (dry process) more compressible curing Marshall
:esting. creating thus higher flow. The aggregate particles interlock reduction, due to the gradation
gap. rmakes the stability lower than that of both conventional and asphalt rubber (wet process)
mixtures. Also, the rubber particles elasticity increases the sample bounce back curing compaction
creating higher air voids than that of the conventional mixture. The optimum binder contents of the

conventional and asphalt-rubber mixture (dry process) are almost the same since the aggregate

mixture coated surface areas and the asphalt grade are sirmlar.



Table 4.8 Marshall Test Results for Conventional and Asphalt-Rubber Mixtures

a. Comvennonal AMixtures

Binder | Density | Air Void VMA . Voids Filled Stability Flow
Content | (Kg/m') (%) (%) | with Binder (N) | (0.25 mm)|
%) A |
40 | 2334 59 142 | 388 8305 | 146
45 | 2350 4.5 141 | 681 8996 16.9
50 | 2362 3.3 141 | 76.5 7031 18.8
55 | 2374 2.1 141 | 85.0 7018 19.6
60 | 2385 1.0 142 | 93.2 7611 215
b. Asphali-Rubber Mixiures (Wet Process)
[ Binder | Density | Air Void | VMA | VoidsFilled | Stability | Flow
Content | (Kg/m’) (%) (%) \ with Binder (N) (0.25 mm) |
(%) L )
50 | 2257 80 | 179 | 55.7 5946 | 180
55 | 2271 67 | 179 | 62.3 6258 | 227
60 | 2288 s4 | 17171 | 69.4 7493 | 234 |
65 | 2328 531 | 167 | 816 6323 | 253
c. Asphali-Rubber Mixtures (Dry Process)
Binder Density | Air Void VMA Voids Filled | Stability Flow
Content | (Kg/m') (%) (%) with Binder N) (0.25 mm) ‘1
(%) | (%) z
45 . 2292 10 | 195 70.1 | 6522 | 232
50 ¢ 2272 | 42 | 207 714 | 6660 | 324
55 | 2259 | 41 | 216 739 | 5385 | 364
60 | 2239 | 42 | 227 749 | 5304 [ 356

Table 4.9 Mixture Characteristics at Optimum Binder Contents

rMixture ' Binder | Density | Air Void| YMA | Voids Filled | Stability \ Flow
Content | (Kg/m®)| (%) (%) | with Binder (N) (025 mm)
(%) (%) \
Conventicnal| 503 | 2370 33 141 . 765 | 8550 | 183
Wet Process| 513 | 2305 | 45 [ 173 1 732 | 6750 | 242
PlusRide 1 | 00 | 2280 | 41 | 205 720 | 6660 | 270
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CHAPTER 5. MIXTURE BEHAVIOR AND ENHANCEMENT OF

MARSHALL MIX DESIGN METHOD

INTRODUCTION

Mixture design establishes the proportion of binder to aggregate that produces a paving mixture
that will serve the longest possible time without serious pavement distress. Mixture design is often
a compromise between high stiffness, (which insures strength and resistance to permanent
deformation), and flexibility, (which aids fatigue and fracture resistance). Several methods have
been developed over the years to design asphalt mixtures. with the Marshall method becoming
the most popular. This mix design methodology evolved by the Corps of Engineers from an
effort initiated at the U.S. Afmy Engineering Tulsa District in the period 1941 to 1944, for
addressing the design of asphalt pavement mixtures for heavy bombers. Subsequently, the
effort was assigned to the U.S. Army Engineer Waterways Experiment Station, and attention
focused on the Hubbard-Field and the Marshall procedures (Brown 1989). While the latter
method was adopted by the Mississippi Highway Department, the Marshall method was
recommended for specific purpose since. among other: it provided satisfactory results in the
few vears it had been in use: the testing apparatus was portable and could be readily used in
the field and adapted to the existing California bearing ratio (CBR) testing equipment. and the

method measured asphalt properties similar to those measured by the Hubbard-Field
apparatus;

The conventional Marshall apparatus has two mechanical dial gauges. One is attached to the
proving ring to measure the stability while the second is attached to the Marshall breaking head to
record the specimen flow. With this setup, only the maximum values of the test output can be
recorded. In the effort to couple the Marshall results with mixture behavior parameters, for
selecting an optimum mixture, the testing output should be monitored over the entire testing

period. Thus, the Marshall apparatus was modified with the data acquisition system and LVDTs, as
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expiained in Chapter 3. Some of the muxture behavior parameters that might be able 10 monitor,

and potentially use for enhancing the Marshall method results, include: mixture toughness and

stiffness. and the rate of absorbed energy.

STIFFNESS OF CONVENTIONAL AND ASPHALT-RUBBER MIXTURES

Stiffness is the relationship between stress and strain as a function of time of loading and
temperature. In many applications of asphalt mixtures. stiffness charactenstics must be known not
only to assess the behavior of the mix itself, but also to evaluate the performance of an engineering
structure of which the mix is a part. At high service temperature, increased binder stiffness is

desirable, while at low service temperature high binder stiffness is primarily responsible for low

temperature cracking.

Among the most frequent methods that were used in evaluating mixture stiffness is the axial,
diametral. and flexural repeated-load tests. In this stage of the study, and in an effort to enhance
mixture selection with the Marshall mix design methodology, stiffness analysis was used (with the
resuits from both conventional and asphalt-rubber mixtures). In order to be able to evaluate
mixture stiffniess the stress strain relationship is needed. The specimen flow, monitored at any time
during testing, divided by the specimen diameter may represent an average mixture strain. since the
strain might not be equal due to non-uniform stress applied over the contact area of the breaking
head. On the other hand the stability divided by the contact area of the Marshall breaking head,
may be possibly thought as an equivalent uniform stress distributed over the contact area between

the head and the sample. Thus, at any time during testing. the calculated stress over the determined

strain represents the asphalt mixture stiffness given by:

Seix (1) =0O/e
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vnere: Sm (1) is the asphalt mixture stiffness at tme t. Kpa: ¢ is the calculated Stress. (Stability /

-reaking head contact area) at time t, Kpa; and € is the strain. (specimen flow/specimen diameter,

'01.6 mm) at time t, mmymm.

The stiffness results versus time of loading for conventional and asphalt-rubber mixtures are shown
:n Figures 5.1 though 5.3, for different binder contents. For both conventional and modified
mixtures. stiffness value increases with increasing loading time, up to a maximumy after which the
siffness decreases. In additiorL as it can be seen from these Figures, the stiffness of conventional
and modified mixtures of the optimum binder content have present a higher value. The
~onventional mixture has about 1.6 times higher stuffness than the asphalt rubber mixtures
\ndicating that modified mixtures may have a higher flexibility and consequently mav provide higher
resistance to fatigue and low temperature cracking than the conventional. The average values

(replicates n=3) of maximum stiffness at different binder content for the conventional and asphalt-

rubber mixtures, are shown in Table 5.1.

A similar method empirically determined for defining mixture stiffness is based on Marshall stability
and flow (Baladi 1988):

Smix = S/[ZF(O.S s>]

.vhere: Smxrepresents the mixture stiffness (N/mm); S is the Marshall stability (\); and Fiss) is the
Jow at 50 percent Stability (mm). The maximum stability values, and the flow at 50 percent of
suability for each sample were used in evaluating stiffness. The average maximum values for both
~onventional and asphalt rubber mixtures are given in Table 5.2, for the varous binder contents.
Similariv to the previous method of evaluating mixture suffness, the results indicate that both the

~onventional and asphalt rubber mixtures had the Maximum stiffness close to their optimum binder
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content. The stiffness of the asphalt rubber mixture was lower than that of the conventional at the
same binder content. with the exception of the 6.0% binder content representing the optimum level

for the asphalt-rubber mixture (wet process). With this method of calculating stiffness, the

conventional mixture had about 1.8 times higher stiffness than the asphalt rubber mixtures.

The Stiffness values versus binder content for these two methods were plotted in Figures 5.4 and
55 In both cases the maximum stiffness for the conventional mixtures is obtained at about 4.5%
binder content, while for the asphalt rubber mixtures, wet process and PlusRide II, at about 6.0%

and 5.08 %, respectively. Thus, the use of either method for evaluating mixture stiffness is

expected to provide the same results.
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Table 5.1 Average Maximum values of Stiffness for [ S mix (1) = /€]

Binder Content (%) Asphalt Mixture Stiffness (Kpa)

Conventional Wet Process PlusRide I

10 2.697E+4 -

45 2.928E+4 - 1.360E+4

55 1.789E+4 1 442E~4 6.832E+3

[ 6.0 1.758E+4 1.809E~+4 \ 7.416E~3

r 6.5 - 1 356E~4 \ -

|

5.0 1.922E+4 1. 600E~4 9.944E+3 J\
|

j

Table 5.2 Average Maximum values of Stiffness for [ S mix =S/2F 059/

E'mder Content (%) Asphalt Mixture Stiffness (N/mm) J

Conventional Wet Process PlusRide I

30 1754 -

1530

| 1
| J
\ 1216 }
1270 939 \ 769 \
\\ ;|

1080 1256

1T 11111

|
|
|
\ 1231 1129
|
|
|

- 879
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MIXTURE TOUGHNESS

Toughness of mixtures was also considered in evaluating mixture behavior. Toughness may be
defined as the amount of force required to fail a unit volume of mixture. The force. measured in
Kpa mm/mm, can be obtained by the area under the stress-strain relationship. The binder content
producing the maximum Toughness could eventually be selected as one of the parameters for
selecting the optimum binder design value. The relationships berween load over the contact area of
the Marshall breaking head sample, and the flow over the specimen diameter, for both conventional

and asphalt-rubber mixtures, was plotted for the different binder contents as shown in Figures 5.6
through 5.8.

The average toughness values for both conventional and asphalt-rubber mixtures at different binder
levels are provided in Table 5.3. As it can be seen from Table 3.3, mixture toughness increases with
binder content up to a certain value, after which a decline is observed. It appears that for both
conventional and asphalt-rubber mixtures the higher toughness values are observed in the proximity
of the Marshall optimum binder content. This becomes evident from Figure 5.9, where the
maximum toughness of the conventional mixture, 20 Kpa, is found at an asphalt content of 5.1%,
while for asphalt-rubber mixtures, wet process and PlusRide II, the maximum toughness of 22.4
Kpa and 41.2 Kpa were observed at a binder content of 6.1%% and 5.22%, respectively. Around the
optimurn binder content of the conventional and asphalt rubber mixtures. the behavior of the
mixtures is similar at low levels of load. while at higher levels both wet process and PlusRide II
mixtures resist higher deformation before failure. Thus, even thought the modified mixtures (wet
process and PlusRide II) have higher toughness are able to resist higher deformation possibly due
to higher elasticity of asphalt rubber binder and rubber aggregate for both wet process and

PlusRide II mixtures, respectively. Thus it is expected that asphalt rubber mixtures might be able to

absorb higher energy before failure than the convenuonal one.
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Table 5.3 Average Toughness Values

Binder Content (%0) ‘\ Asphalt Mixture Toughness (Kpa) J
| Conventional 1 Wet Process \ PlusRide I J
w | e 1
45 ‘ 21 \ - \ 29 J
5.0 \ 17 \ 13 \ 43 4\
55 \ 18 \ 18 \ 39 J
6.0 \ 18 \ 22 \ 34 J
|

65 \ - ‘ 20 \




CUMULATIVE ENERGY ABSORBED

The absorbed energy of a mixture may be represented by the cumulative values of toughness
during loading. The relation between loading time and absorbed energy for both conventional and
modified mixtures are displayed in Figures 5.10, 5.11, and 5.12 where the relationships between
cumulated toughness and Marshall loading time at different binder content are shown. Higher the
slope of this relationship higher the rate of absorbed energy (cumulated toughness). As it can be
seen from these Figures. for the conventional mixtures the rate of absorbed energy increases with
increasing binder content up to 4.5 %, after which the rate of absorbed energy decreases. Similarly,
the rate of absorbed energy for the asphalt rubber mixtures increases up to a binder content of
60% and 4.5% for the wet process and the PlusRide II. respectively, after which a decrease is
observed. As it can be seen from these Figures. at Marshall optimum binder contents, the rate of
absorbed energy of asphalt rubber mixtures is higher than that of the conventional, indicating that

asphalt rubber mixtures have the ability to resist higher loading rates and longer loading duration

due to the increased mixture flexibility.
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POTENTIAL ENHANCEMENT OF MARSHALL WITH MIXTURE BEHAVIOR

With the standard Marshall method of mix design, the optimum binder content is calculated from
the numerical average of the asphalt contents yielding maximum stability, maximum densiry, and a
typically chosen 4 % air void content. The results from the Marshall mix design method could be
contemplated by considering toughness and stiffness evaluation of the mixtures. The binder
contents corresponding to the maximum toughness and stiffness of both conventional and asphalt-
rubber mixtures are provided in Table 5.4 along with the optimum from the Marshall method. As it
can be seen from the Table, the Marshall optimum binder contents. 3.03%, 6.13%, and 5.00% for
the conventional, and the asphalt rubber mixtures; wet process and PlusRide II. respecuvely, are
very close to the binder content corresponding 10 the maximum toughness. (5.08%, 6.13%. and
5.10%, respectively). However, the binder contents corresponding to the maximum stiffness were
found to be 0.23%, 0.40%, and 0.18% lower than the Marshall optimum binder content for these
mixtures. Thus, if mixture behavior is to be included into the design process criteria, the optimum
binder content of the traditional Marshall method should be adjusted so as to obtain a mixture
providing: high stability resisting to the desired level of load applications; high density for improved
durability; the desired air void content for accounting densification from the expected traffic; high
toughness and absorbed energy potential for improved resistance to high loads and load duration,

and resisting to high deformations before failure: and appropriate level of stiffness for improved

resistance to cracking and rutting.

Table 5.4 Binder Content at Optimum Marshall and Maximum Stiffness and Toughness

Technique \ Binder Content (% by Total Mixture Weight) ll

\ Conventional \ Wet Process \ PlusRide II 1\

|

Optimum with Marshall Method 5.03 ) 513 ‘ 5.00 |
[Maximum Stiffness 4.80 l 273 4.82 }
Maximum Toughness 5.08 \ 512 5.10 1l
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Based on the results of this study, Table 3.5 provides the physical charactenistics corresponding at
the binder contents of maximum stiffness. maximum toughness. and Marshall opumum for both
conventional and asphalt-rubber mixtures. The air void of the conventional mixture corresponding
10 the maximumn stiffness is 3.85% and still within the specification limits, 3.0-5.0%. In the case of
asphalt-rubber mixture the voids content passed the upper specification limits, 5.84%. However,
the modified Marshall optimum binder content (potentially the average of the values that yield
maximum stability, maximum stiffness and/or toughness. maximum density, and 4 percent air void)

may be used in identifying the appropriate binder content. This approach needs to be further
developed/validated with additional mixtures and field data.
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Table 5.5 Asphalt Mixtures Characteristics at Binder Contents of Marshall Optimum,

Maximum Stiffness and Toughness

Mix TBC (%) for | Stability | Density | AV | Toughness | Suffness |
) S (1) = 5%€ | Sex = S2F 055
(N) Kg/m") | (%) (Kpa) (Kpa)  (N/mm)
Conventional 5.03 «‘
Mixture (Marshall | g573 | 2373 |3.29 | 20.67 27010 1985
Optimum) i
4.08 \ |
Maximum | 8628 | 2366 | 385 | 2027 27818 2042
Stiffness) \
3.08 ! :
(Maximum | 3538 2375 | 316 | 20.67 26692 1960
Toughness) :
Asphalt-Rubber 6.13 \
Mixture (Marshall {6902 2305 | 456 | 2222 16407 | 1134
(Wet Process) | Optimum) \
5.73 \
(Maximum | 6930 2290 | 5.84 | 20.23 17610 | 1256
Stiffness) \
6.12 \
Maximum | 5902 2305 | 456 | 2222 16463 1139
Toughness) !
Bupber-rilled 5.00 , |
fixture (Marshall \ 6850 2780 | 400 | 4420 10000 1216
PlusRide II) Optimum) :
482 | 1
Maximum | 6710 | 2285 | 4.10 | 37.50 10840 1285
Stiffness) |
5.10 !\
(Maximum | 6770 2270 | 390 | 42.80 9810 1110
Toughness) ‘




CHAPTER 6. ASPHALT RUBBER MIXTURES EVALUATION WITH
INDIRECT TENSILE TEST

INTRODUCTION

The Marshall method of mixwre design, representing the most common method used by DOTs,
based on empirical criteria, measures the stability and the flow of the asphelt mixture during testing.
As discussed in chapter 2. the Marshall test outputs (i.e, stability and flow), have poor correlation
with material and testing variables. Thus. mixture performance may not be appropriately evaluated
using the Marshall test results. In addition. the validity of Marshall mix design is being questioned
since mixtures designed with this method did not always perform satisfactorily. The static and
repeated load indirect tensile tests have been extensively used in the characterization of asphalt
mixtures, and the evaluation of mixture performance for creep, fatigue, and low temperature
cracking. Thus, the indirect tensile test may be used in the development of a mixture design
method. In such a case it is desirable to select a suitable evaluation test that from one side will

minimize testing and on the other hand will be able to appropriately characterize the structural

properties of conventional and asphalt rubber mixtures. As it was presented in Chapter 2, the
indirect tensile test is being successtul in evaluating the structural properties of asphalt mixture. and
overcome the deficiencies of the Marshall mix design method. The repeated-load indirect tensie
test has been successiully used and recommended for several of the past studies in asphalt mixture

characterization due to the several advantages presented in Chapter 2 and its high repeatability.

STATIC INDIRECT TENSILE TEST RESULTS

An MTS, closed loop servo-hydraulic system was used for conducting the static indirect tensiie
test. An Indirect tenstie test frame was locally fabricated and the resuits were acquired with a data

acquisition system with sampling rate of 25 Hz. The loading rate used was 50.8 mm per minute and
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‘he tests was conducted at 25°C (77°F). The Indirect tensile strength, Poisson’s ratio. and static

resilient modulus were calculated based on the following equations:

u = (3.58791- 0.269895 Dg) / (0.062745 =~ Dz)
Me =P (3.58791- 0062745 u)/ (L Dv)
INTS =0156241P/L

where i is the Poisson’s ratio; D is the deformation ratio (Dv/Du), Dv is the vertical total
deformation along the vertical diameter of the specimen. in; Du is the horizontal total deformation
along the horizontal diameter of the specimen, in: Mg is the resilient modulus, psi; L is the sampie

thickness. in: P is the magnitude of the applied load. Ib: and INTS is the indirect tensile strength.
DSt

The static indirect tensile test results for the asphalt rubber mixtures (wet process and
PlusRide IT) are shown in Table 6.1. The relationships between the binder content and indirect
tensile strength and resilient modulus are shown in Figures 6.1 and 6.2. As expected, the
indirect tensile strength and resilient modulus increase with binder content up to a maximum,
after which a decrease in their values is observed, Figures 6.1 and 6.2. The maximum values
for the indirect tensile strength, equal to 604.00 Kpa and 510.00 Kpa for the wet process and
PlusRide I asphalt-rubber mixtures respectively. were obtained at about 6.09 % and 5.03%
binder contents. The static resilient modulus results. based on the static ITT testing, provided
high values at 5.6 % and 5.1% binder content for the wet process and PlusRide II.
respectively. The Maximum static resilient modulus values are 1.70E+5 Kpa and 9.50E+4
Kpa, respectively. The static resilient modulus of PlusRide II is lower than that of the wet

process. The larger size of the crumb rubber used with PlusRide IT make the asphalt mixture

more flexible creating higher deformation under loads.



Table 6.1 Static Indirect Tensile Test Results

Binder SAsphalt-Rubber Mixture (Wet Process)‘ Asphalt-Rubber Mixture ( PlusRideH)J

Content| Poisson's INTS | Mg Poisson's INTS \ hY Y
(%) Ratio (Kpa) \‘ (Kpa) Ratio (Kpa) | (Kpa) J
-
40 | | 0530 | 301 | 5.457E-4
45 | 1.029 3760 | 1801E+5 | 0580 | 396 | 7.352E-4
50 | 0.783 4245 | 1514E+5 | 0603 | 463 | 7470E-4 |
55 | 0868 4910 | 1580E+5 | 0619 | 501 [ 837SE-4 |
| 60 | o08l6 6200 | 1690E+5 | 0622 | 483 | 7203E-4 |
| 65 | 0831 4991 | 1.146E+5 | \ | |




Static Resitient Modulus (Kpa)

N60

- A Asphalt-Rubber Mixture t Wat Processy

oy [ Jp— + Rubber-Filled Nixture 1 PlusRide 11}

600

00

400 : 4 :

300 ' + , 1 j

Indircct Tensile Strength (Kpa)
+
by
+
A
7
rd
4
d

200

100

30 3.5 4.0 4.5 5.0 3.3 6.0 6.3 7.0 7.5

8.0
Binder Content (%)
Figure 6.1 Indirect Tensile Strength Versus Binder Content
2.4E=3 — — : ‘
A Asphait-Rubber Misture (Wet Process) ( . \
+ Rubber-Filled Mixture (PlusRide I1) ! } \, \ |
2.0E+5 — . , L I
1 | | . | l | i |
L : L o |
] SN I N
1 6E~3 ‘ : y{ \
“ES ‘
1.2E-3 : A\i
R :1 o
OE- L == ‘ :
e s il L
- | | N
4 0E~4 1 '
| 1 [ ' !
5 OE=5 ‘ -
0 3.5 4.0 43 50 55 6.0 0.5 7.0 75 %.0

Binder Content (%)

Figure 6.2 Resilient Modulus Versus Binder Content

147



REPEATED-LOAD INDIRECT TENSILE TEST RESULTS

The repeated-load indirect tensile test was conducted with a closed ioop servo-hydraulic MTS. and
the same static indirect tensile test setup as for the static case. A Rapid data acquisition system was
used in this case for sampling at a higher rate, 300 Hz. sampling rate. A haversine shape repeated
load was applied during testing, at 1 Hz frequency and with 0.1 second load duration. The two
testing temperatures were 5 °C and 25 °C. According to the SHRP recommendations for resilient
modulus testing a static load equal to 3% and 1.5 % of the indirect tensile strengths was used for
keeping specimens in place during the 5 °C and 25 °C testing, respectively. Before any readings
were acquired for resilient modulus evaluation, 100 and 75 load repetitions were applied to the
specimens for the two testing temperatures. respectively. Each specimen was tested at two axis, 90
° apart. These two axis were marked on the samples and remained the same during all testing
period. After the initial load repetitions, five cycles were acquired with the data acquisition system.
An example from one testing cycle acquired from the LVDTs and the load output voltages are
shown in Figure 6.3. The acquired data were analyzed for evaluating the instantaneous and the

total values of Poisson’s ratio and resilient modulus using the following equations:

Eri = P (ups + 0.27) / tAH,
Egr = P (ugrr — 0.27) / tAHr
gt = 3.59 AH; AV - 027
Ugr = 3.59 AHy /AVr-0.27

where: Ex; is the instantaneous resilient modulus. Mpa; Exgr is the total resilient modulus. Mpa; pr
‘s the instantaneous resilient Poisson’s ratio: prr is the total resilient Poisson’s ratio; t represents
the specimen thickness, mm; P is the repeated load, N; AH, is the instantaneous recoverable
horizontal deformation, mm; AHy is the total recoverable horizontal deformation, mm: AVy is the

instantaneous recoverable vertical deformation. mm: and AV'r is the total recoverable vertical

deformation. mm.



13

1.0

8

0.7

2.6

0.0

\\ >
O
—=
A\\\a\
- = bt © o o = ~ n
o < Q < < < In i n

0107) 281104 IndinQ pooT SN

Time (Sec)

Figure 6.3 Example of Output Voltage versus Time for Mr Testing

149



it Voltage (Yolt)

rontad VDT Ouy

2.0750

0.0625

0.0500

0.0375

0.0250

fatt Hor

LA

] o
3.0000 L P !

20125

|| ﬂv/\ Lt

o Left Horizontal LVDT Time (Sec)

0.150

2.125

9

£.050

tal VYT Output Voltuge (Volt)

Raght Honizx

5 oE od

|
|
|

£.050

N

.75 | \ \
R | |

b. Right Horizontal LVDT

Figure 6.3 Example of Output Voltage versus Time for Mr Testing (Continue)

150



12

1.0

0.8

0.8

|
i
| l
—
\
|
|
!
! l
| |
| |
! [
|
l\
| :\'51
|
L
|
]
-
T

|

|

|
(Sec)

Lime

|

=7
Time (Sec)

|
|

|
|
|
|
|

0.5
|

M
|
N
e
|
|

1‘
0.3

]

1 S W oo b b L et

‘\w—\
]
3
\
\
|
i
|
{

a. Front Vertical LVDT
2.0 01
b. Rear Vertical LVDT

Y W Sy R S U SN PR Sy W SO o . o m "ﬁ“ = 6 .\OJ «M w “ AOI.
228393838883 w s 3 s w T < S ¢ % § § 9 %
S ¢ 9 § @ § § @ @ @ {9

3 d IaA wasy O1oA) 3800 A AN LAAT WA J1Y
(1op) 38810 INAINO LAAT [BIMIA

151

Figure 6.3 Example of Output Voltage versus Time for Mr Testing (Continue)



The average values. n=3. of the instantaneous and total resilient modulus and Poisson’s ratio for
both axis, 0° and 90°. for asphalt-rubber mixtures (wet process) are shown in Tables 6.2 and 6.3
respectively. Also. Tables 6.4 and 6.5 present the average results for asphalt-rubber MmIXtures
(PlusRide II). In order 1o examine the effect of axis on the resuited values the F-values in one-way
ANOVA were computed. Past studies indicated that in certain instances the Mr-values at a 0-
degree specimen position were larger than those at 90-degrees. A decrease in Mr-values was
attributed in the internal damage to the specimen during testing in the initial position. Based on the
results of this study, see Table 6.6 and 6.7 for wet process and PlusRide II asphalt-rubber mixtures
respectively, it was found that test axis had no significant effect on resilient modulus and Poisson’s
ratio, at o = 0.05. Thus no significant plane to plane variability was observed for Mr testing. The
average values of 0° and 90° resilient modulus and Poisson’s ratio are presented in Tables 6.8 and

6.9 respectively for the asphalt-rubber mixtures (wet process). Also, the average values for

PlusRide I asphalt-rubber mixtures are shown in Tables 6.10 and 6.11.

As expected, testing temperature had a significant effect on testing results, with resilient modulus
values decreasing with an increase in testing temperature. The load magnitude had a significant
effect on the measured parameters at 25 °C for both wet process and PlusRide I asphalt-rubber
mixtures. However, at the low level of testing temperature, 5 °C. load magnitude had no effect, see
Tables 6.12 and 613, Thus, at 5 °C testing temperature any change with the applied load

magnitude inside the elastic range, 10 to 30 % of the indirect tensile strength. as recommended by

SHRP and previous studies, will not affect the mean of the measured parameters.

The effect of Poisson’s ratio on Mr values has been reported in past studies. In certain instances it
was concluded that when using an assumed value of 0.35 for Poisson’s ratio the resilient modulus

was about 1.5 to 2 times higher when the Poisson’s ratio was evaluated from monitoring the

horizontal and vertical deformations. In this study



Table 6.2 Average Values of Resilient Modulus of Asphalt-Rubber Mixtures ( Wet Process)

a. Axis 0°

Test Temperature (°C)

Binder 5 \ 25
Content Applied Load ( % of Indirect Tensile Strength)
10 l 30 | 10 |

30
%o of Total Resilient Modulus (Kpa)

\{m\\e:ghl) lnsmnuncous. Total \Inslamaneousl Total \Inslamaneous‘ Total ‘llnslamzneousl Total J
Fsio [3.70E—6 [ 3.05E+6 | 3.55E~6 | 2.98E+6 | 346E+6 [ 281E=6 | 2.94E+6 | 2.38E+6
|55 ] 426E—6 | 3.36E+6 | 383E-6 [ 5.20E+6 | +19E+6 | 3.32E-6 | 5.24E6 | 2.38E+6
60 | 3.62E~5 | 29TE+6 | 3.99E+6 | 3.26E~6 | 327E+6 | 2.69E-0 | 2.84E~6 | 2.29E+6 |
65 | 3.7IE-6 | 3.02E+6 | 3.58E+6 | 3.00E+6 | 329E+6 | 264E~6 | 297E6 | 2.45E+6 |

b. Axis 90°
Test Temperature (°C) J
Binder 5 \ 5 J
Content v Applied Load ( %6 of Indirect Tensile Strength) 41
| 10 | 30 \ 10 30 B
(%% of Total Resilient Modulus (Kpa) |
Mix \kmgm)‘lnmaneoml Total 5!Ln§zmaneomi Total \Insumaneousl Total "’.nstmumeous‘ Total J
\Ds,o [ 3.80E—6 | 3.03E+6 | 3.00E~6 | 2.36E+6 [ 3.50E+6 [ 2.82E~6 | 2.84E+6 | 2.08E+6 1
[ 55 | +18E—6 | 333E+6 | 396E-6 | 3.59E+6 | +88E+6 | 3.58E~6 | 3.ME6 2.50E+6 |
[ 60 ‘367E—6\306E+6\417E*6\32 E+6 | 3.14E+6 | 2.72E~6 | 2.83E+6 | 228E+6 |
|65 | 365E—6 | L.98E+6 | 3.35E~6 | 5.05E+6 | 3.20E+6 | 2.60E6 | 2.83E+6 | 2.13E+6 |
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Table 6.3 Average Values of Poisson’s Ratio for Asphalt-Rubber Mixtures (Wet Process)

a. Axis 0°
Test Temperature (°C) ]
Binder 5 l 25 \
Content | Applied Load ( % of Indirect Tensile Strength) i
\ 10 [ 30 | 10 ] 30 |
(Coof Toal | Poisson’s Ratios ]
Mix Weight) | hslamaneuus‘ Tatal \ Instantaneous | Total ‘ Inst.anuncaousl Total | Insmnumeuus' Toul \
L |
f: 0097 | 0056 | 0155 0190 | 0518 | 0532 | 0592 | 0606 l
55 0357 | 0330 | 0213 0236 | 0656 | 0601 | 0885 | 0736 |
fs 0 0260 | 0267 | 0343 | 0327 | 0729 | 0696 | 0608 | 0361 |
| 65 0092 | 0127 | 0210 | 0231 | 0365 | o583 [ 0719 | 0753 |

b. Axis 90°
\ Test Temperature (°C) ]
Binder | 5 | 25 |
Content i Applied Load ( % of Indirect Tensile Strength) \
| ‘: 10 \ 30 \ 10 \ 30 |
| (Coof Toiai | Poisson’s Ratios 41
| Mix Weight) | lnsum:meous\ Total } lnstantaneous| Tl \ msxanmneous\ Total \ Instantaneous{  Total j
Fs‘o T 0213 | 0150 | 0289 | 0370 | 0607 | 0618 | 0701 | 0.601JJ
755 | 0354 | 0351 | 0155 | 0233 | 0750 | 0619 | 1002 | 0882 |
60 | 0258 | 0285 | 029 | 0304 | 0669 | 0683 | 0451 | 0545 |
65 0199 [ 0187 [ 0067 | 0206 | 0512 | 0540 | 0711 | 0668 |




Table 6.4 Average Values of Resilient Modulus for Rubber-F illed Mixtures (PlusRide II)

a. Axis 6°

r | Test Temperature (°C)
Binder | 5 |
l

25
Applied Load ( % of Indirect Tensile Strength)
B 10 | 30 ] 10 | 30

(% of Total Resilient Modulus (K.pa)
Mix Weight) | lru:m.zneous‘ Total lmmmeous Total
!

Content

l Inslamzneous\ Total llnsmmanmus\ Towai

10 5.02E+6 | 240E+6 | 292E~6 | 228E+6 | 219E+6 | 1 43E+6 | 2.10E+6 | 131E- |
735 S13E+6 | 2.52E+6 | 3.06E~6 | 242E+6 | 2.36E-6 | 1.66E+6 | 2.14E+6 | 149E-5 |
750 T0IE+6 | 248E=6 | 287E-6 | 227E+6 [ 2.20E+6 | 1.60E+6 | 222E+6 | 1.61E— |
|55 | 2.64E+6 | 228E6 | 267E-6 | 207E+6 | 2.03E6 [ 162E+6 | 2.02E+6 | 147E-5 |
|60 | 223E+6 | 2.08E+6 | 264E~6 | 199E*6 [ 2.02E=6 | 1.45E+6 | 2.11E+6 | L 44E~5 |
b. Axis 90°

\ Test Temperature (°C) J

Binder = 5 ] 25 1
Content | Applied Load ( % of Indirect Tensile Strength) ‘
10 ] 30 \ 10 \ 30 g

(% of Totai Resilient Modulus (Kpa) “
\Aix\k'eigi'n)!hsmnmus\ Total \Inslzmancous\ Total memeous\ Total \maanmneous‘ #al 41
F S0 2.97E+6 | 2.31E+6 | 2.88E6 | 222E+6 | 2.23E+6 | 1.35E+6 | 2.18E+6 | IJSE—Q\
[ 45 | 303E+6 | 2.39E+6 | 3.12E~6 | 2.38E+6 | 232E+6 | L.67E+6 | 2.16E+6 | L.S6E-5 |
| 50  2B0E+6 | 2.29E+6 | 2.95E+6 | 2.28E+6 | 2.14E+6 | 1.39E+6 | 2.22E+6 1.59E~6 |
|55 263E+6 | 2.24E [ 2.68E~6 | 2.13E+6 | 2.01E+6 | 1.52E+6 | 226E+6 | 146E-5 |
| 60  CI9E#6 | 212E+6 | 251E-6 | 2.06E+6 | 2.11E~6 | 1.50E+6 | 1.98E+6 | 1 +4E—5 |




Table 6.5 Average Values of Poisson’s Ratio for Rubber-f illed Mixtures (PlusRide II)

a. Axis 0°
Test Temperature (°C) l
Binder 5 ‘ 25 }
Content Applied Load ( % of Indirect Tensile Strength) |
10 \ 30 ] 10 \ 30|
(e of Total Poisson’s Ratios B
Mix Weight) lnstamaneous’ Total llnsamaneousi Total llnslamaneous\ Total llnstanmneous\ TmlJ
l
|40 ] 0398 | 0389 | 0751 [ 0648 | 0670 | 0474 | 0852 | 0355 |
|45 | 03555 | 0480 | 0878 7079 | 0691 | 03543 | 0702 | 0830 |
[ 50 | 0694 | 0653 | 0900 | 0726 [ 0339 | 0651 | 0.624 | 0857 |
55 | 0645 | 0590 | 0790 | 0841 | 0551 | 0688 | 0643 [ 0729 |
60 | 0636 | 0605 | 0929 | 0689 | 0634 [ 06l6 | 0600 | 0797 |
b. Axis 90°
l Test Temperature (°C) J
Binder | 5 | 25 |
Content r Applied Load ( % of Indirect Tensiie Strength) ]
| 10 [ 30 ] 10 \ 30 |
(% of Total ﬁ Poisson s Ratios J
Mix Weight) Fnsmmaneous! Total lmaamaneous% Total \Lns.amaneousl Total ‘Instamzmeous\ Taal J
L l
[ 20 | 0374 | 0376 | 0627 0569 | 0843 | 0473 | 0.787 | 0.853 |
[ 45 | 0584 | 0542 | 0824 | 0787 0779 | 058 | 0670 | 0969 l
S0 | 0545 | 0332 | 0828 | 0678 | 0616 | 0582 | 0710 | 0963 |
S5 | 0585 | 0552 | 0727 | 0652 | 0% | 0597 | 0722 | 0700 |
60 | 0663 | 0656 | 0804 | 0793 | 0529 | 0620 | 0694 | 0751 |
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Table 6.6 F-Values of the Analvsis of Variance for Testing Axis Effects for
Asphalt-Rubber Mixture. Wet Process. (0° and 90" Axis)

Test Temperature ¢ 'C)

l
Mixture 5 ] 25 |
Property Applied Load ( %6 of Indirect Tensile Strength)
10 | 30 \ 10 | 30
Resilient Modulus (Kpa)
Inslzmaneousl Total L'uslzmaneous‘ Total | Instamzneous‘ Total \l L'xaamaneous‘ Total
{ esmem 0.00 \ 000 | 1.12 \ 1.04 0.15 \ 0.16 ‘ 0.01 ‘ 2.61
B Od ! { J
P’oxsson s 50 \ 016 033 \ 045 0.06 ‘ 005 | 0.03 \ 003 J
Ratio \ @
ritical F- 43 J
r\/alue

Table 6.7 F-Values of the Analysis of Variance for Testing Axs Effects for
Rubber-Filled Mixture, PlusRide II, (0° and 90° Axis)

Test Temperature (°C) J
Mixture v 3 l 23 \
Property r Applied Load ( °% of Indirect Tensile Strength) J
| 10 i 30 | 10 \ 30 -
B Resilient Modulus (Kpa) |
[Eunumeousl Total i '.nsamaneous\ Total Ilnsumumeous‘ Total ';nslamaneousl Total J
- | | 0
Resilient | 0.18 \ 199 . 002 \ 0.02 0.28 000 | 152 0.24
Modulus | |
Poisson's | 0.76 \ 0.13 1.36 1 110 \ 0.26 117 1 028 031
Ratio \
Critical F- 13
Value




Table 6.8 Average Mr Values of Both Testing Axis for Asphalt-Rubber
Mixture, Wet Process. (0 and 90 ° Axis)

Test Temperature (°C) J
. Binder 5 | 25
\ Content Applied Load ( % of Indirect Tensile Strength)
10 | 30 | 10 | 30
- (coof Total Resilient Modulus (Kpa)
' “ix Weight) | Instantaneous Total \ Insunmneousi Total [Inslamaneous\ Total \ Insl.amaneou.s‘l Total

S0 | 3.75E~6 | 3.04£+6 | 32TE+6 | 2.67E+6 | 3.

<5 | 422E+6 | 3.35E~6 | 3.89E-6 | 3.39E46 | 4
60 | 3.62E~6 | 3.01E+6 | 4.08E~6 | 3.2TE +6 | 3.
65 | 3.68E+6 | 3.00E+6 | 3.46E~6 | 3.03E+6 | 3.

BE+6 | 2.82E+6 | 2.89E-6 | 2.23E+6
S3E+6 | 3.45E+6 | 3.34E~6 | 2.44E+6
IE+6 | 2.70E+6 | 2.84E~6 | 2.28E+6 |

E+6 | 2.62E+6 | 2.90E—6 | 2.29E+6 |

"

2
24

Table 6.9 Average Poisson’s Ratio Values of Both Testing Axis for Asphalt-Rubber
Mixture, Wet Process, (0° and 90 ° Axis)

‘ Test Temperature (°C) J

Binder | 5 | 23 B
Content T Applied Load ( % of Indirect Tensile Strength) J

' | 10 | 30 [ 10 | 30 |
- (*gof Total Poisson’s Ratios J
i_\fm Weight) Insmmaneousl Total \Inszamaneous] Total \lnsmmaneous\ Total \Inslanmneous'l TotalJ
0 | 0155 [ 0153 | 0222 [ 0280 [ 0563 | 0575 | 0646 | 0.60&

55 | 0346 | 0346 | 0184 [ 0234 | 0703 | 0610 | 094 | 0.809 |
60 | 0259 | 0276 | 0319 | 0316 | 0.699 | 0689 | 0529 | 0353 |
65 | 0146 | 0157 [ 0139 | 0219 | 0539 | 0561 | 0715 | 0711 |




Table 6.10 Average Mr Values of Both Testing Axis for Rubber-Filled
Mixture, PlusRide I1. (0" and 90 ° Axis)

‘ Test Temperature (°C) J
Binder 5 | 25 i

Content Applied Load ( % of Indirect Tensile Strength)

10 | 30 \ 10 | 30
(°o of Total Resilient Modulus (Kpa)

Mix Weight) Ingamaneousl Total ‘Inslantaneotm Total i!nsumaneousl Total ‘lnslamaneoml Totai ]
|
1L +0 | 299E+6 | 236E+6 | 2.90E#6 | 225E+6 | 221E46 [1.50E+6 | 2.14E=6 | 1.54E~6 |
%5 [ 309E~6 | 2.45E<6 | 3.09E+6 | 240E+6 | 234E+6 | 1.67E+6 | 2.15E-6 | 1.52E~6 |
50 [ 291E+6 | 238E+6 | 291E-6 | 227E+6 | JITEHO | 1.60E+6 | 2.22E~6 | 1.60E~6 |
|55 | 264E+6 | 2.06E+6 | 267E+6 | 2.10E+6 | 1.02E+6 | 1.57E+6 | 2.14E~6 | 147E~6 |
" 60 | 226E~6 | 2.10E¥6 | 2.58E+6 | 2.03E+6 | 2.06E+6 | 148E+6 | 205E~6 | 1. 44E-6 |

Table 6.11 Average Poisson’s Ratio Values of Both Testing Axis for Rubber-Filled
Mixture, PlusRide II, (0° and 90 ° Axis)

[ Test Temperature (°C)

\

Binder \{ 5 | 25 A‘
Content {f Applied Load ( % of Indirect Tensile Strength) J
| 10 | 30 | 10 | 30 |

(°% of Total Paisson’s Ratios J
Mix Weight) [mmeousl Total l Inslamaneous[ Toal | msunmeous\ Total \Inst.anmneous\ Total;\
L |
40 ] 038 | 0383 0689 | 0608 | 0757 | 0473 | 0819 | 0853 |
a5 [ 0369 | 0511 | 0351 | 0791 | 0735 | 0365 | 068 | 0905 |
S0 | 0619 | 0392 | 0864 | 0702 | 0383 | 0617 | 0667 | 0910 |
55 | oels | 0571 | 0758 | 0747 | 0524 | 0643 | 0682 | 0715 |
60 | 0650 | 0631 | 0866 | 0741 | 0582 | 0618 | 0647 | 0774 |
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Table 6.12 F-Values of the Analysis of Variance for Load Magnitude Effects,
10 and 30% of INTS. for Asphalt-Rubber Mixtures (Wet Process)

Test Temperature ( °C) J
Mixture 5 1 25 |
Property Computed F-Value J
Instantaneous ‘ Total 1 Instantanecus | Total
Resilient Modulus | 0o1 | 113 | 777 | 2267
| PoissonsRatio | 006 | 051 | 135 | 143 |
| Criticai F-Value | 4.30 i

Table 6.13 F-Values of the Analysis of Variance for Load Magnitude Effects,
10 and 30% of INTS, for Rubber-Filled Mixtures (PlusRide IT)

\ Test Temperature ( °C) J
Mixture | 5 \ 25 i
Property r Computed F-Value J

rlnstantaneous ‘ Total { Instantaneous ‘ Totalj

|

[ ResilientModulus | 030 | 323 | 1847 | 1984 |
[ PoissonsRatio | 000 | 246 | 163 | 0.00 |
| Critical F-Value _| 4.30 B
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the Poisson’s ratio was calculated and used in evaluating Mr values. As it can be seen from Tables
6.9 and 6.11. for wet process and PlusRide II respectively, testing temperature had a significant
effect on Poisson's ratio. Higher Poisson’s ratio for asphalt rubber mixtures evaluated at hugher
temperature is expected since the mixture becomes softer, producing higher lateral deformation.
Considering the different binder contents. the average values of calculated Poisson’s ratios are
0.25. and 0.65 at 5 °C and 25 °C testing temperatures, respectively, for the wet process asphalt-
rubber mixtures. Also, the average values for PlusRide II are 0.66 and 0.69 at 5 °C and 25 °C.
respectively. The Poisson’s values at 5 °C for the asphalt rubber and the conventional mixtures are
at about the same level, equal to 0.2. At 25 °C the asphalt rubber mixtures have significantly higher
values, ranging from 0.5 to 0.7 and from 0.3 to 0.9 for the wet process and the PlusRide II
respectively, while the conventional one had a value of about 0.35. The asphalt rubber mixtures at

high temperatures have higher flexibility and deformation and thus a higher value of Poisson’s

ration is expected.

The instantaneous and total resilient modulus versus binder content at 5 °C and 25 °C testing
temperatures are shown in Figures 6.4 and 6.5 for the wet process mixtures and in Figures 6.6 and
6.7 for the PlusRide TI. The maximum values of resilient modulus are within the range of 5.5% to
6.0% and 4.2% to 5.0% binder content for the wet process and the PlusRide II. It is evident from
these Figures, that at 5 °C there is no big difference between the maximum resilient modulus values
obtained from the different load level. At the opposite. significantly higher maximum resiient

modulus values are obtained for the load magnitude of 10 % of the indirect tensile strength for the
25 °C testing.
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CHAPTER 7. FATIGUE AND CREEP CHARACTERIZATION
OF ASPHALT-RUBBER MIXTURES

INTRODUCTION

The design of flexible pavements has rapidly evolved from empirical and semu-empirical
procedures to design methods based on elastic and/or viscoelastic principles. Today, many
highway agencies, including NJDOT, use such a method in one form or another to design
new, reconstructed, and/or overlaid asphalt pavements. Performance based design methods
require a through knowledge of the basic structural properties and mixture performance
(resilient modulus. fatigue life, and plastic deformation). Existing asphalt mix design

procedures (Marshall and Hveem) are examining parameters that are not necessarily relating

to the mixture performance.

Fatigue cracking and rutting are among the major distresses occurring in asphalt concrete
pavements. Fatigue is defined as “the phenomenon of fracture occurring under repeated

stresses with values even lower than the tensile strength of the material”. In recent years

considerable attention has been paid to model fatigue and the crack formation in asphalt

pavements (Raad 1992).

Similarly, the problem of rutting is gaining widespread attention in many parts of the world
(Kim 1988). Rutting is the formation of twin longitudinal depressions under the wheel paths
from a progressive accumulation of permanent deformation in one or more locations of the
pavement lavers. In recent years the trend towards heavier trucks, higher tire pressure, and the
substantial increase in the number of load repetitions has resulted in a significant increase in
the extent and severity of rutting. Many highways in United States are experiencing extensive

levels of rutting even when made with materials that. in the past. showed little propensity to
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rutting. Several studies have shown that most sigmficant portion of the rutting occurs in the
asphalt-bound lavers. This brings into question the ability of current pavement and mixture

design methods to adequately address permanent deformation under increasing demands ot
traffic.

Several of the past studies have successfully used and recommended the repeated-load indirect
tensile diametrical fatigue test and the repeated-load unconfined triaxial creep test for
evaluating asphalt mixtures’ fatigue and rutting characteristics, see chapter 2. Thus in this

study the repeated load unconfined triaxial test was used for evaluating the creep

characteristics of asphalt rubber mixtures.

REPEATED-LOAD UNCONFINED TRIAXIAL CREEP TEST RESULTS

An MTS, closed loop servo-hydraulic system was used for creep testing. Sample ends were
well greased prior to the seating of the loading platens in order to reduce friction between the
sample and the platen. An environmental chamber was used to maintain the target testing
temperature. Samples were instrumented so as to monitor deformations (a) over the enture
height of the samples, and (b) over the middle third of the samples. The MTS verucal
displacement LVDT’s output voltage was used to monitor the axial deformation over the total
height of the sample. The deformation over the middle third was measured with three LVDTs
placed 120° apart around the sample. The axial deformation of the middle third is the average
value of these three LVDT’s readings. The creep test was conducted at two temperatures. 25
°C (77 °F) and 40 °C (104 °F), with two stress levels, 345 Kpa (50 psi) and 138 Kpa (20 psi)
respectively. A haversine shape repeated-load was used during testing at 1 Hz frequency and
0.1 second of load duration. All samples were preconditioned, with the same testing
conditions. for 60 seconds before testing. Testing started immediately at the end of this
preconditioning and continued for 60 minutes. Vertical deformations were monitored with a

data acquisition system with sampling rate of 5 Hz. A sample seating load of 44.5 N (10 Lb )
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was used during testing. The data were used to caiculate the axial compressive strains over

the instrumented length, as shown:

a. Over the total height

iy = A(t) / HO

Where:

£ = Axial compressive strain over the total sample height at time (t), mm/mm
Aw = Axial deformation over the total sample height at time (t), mm

H,= Original height of the sample, mm

a. Over the Middle Third

Emit) = Amy / Hmo

Where:

Emy = Axial compressive strain over the middle third at time (t), mm/mm

Am@ = Axial deformation over the middle third at time (t), mm

H.,= Original height of the mddle third, mm

The creep test results for both wet process and PlusRide II asphalt-rubber mixtures are

presented in Table 7.1. The axial compressive strains over the total height are in most of the

cases higher than those over the middle third in agreement with earlier studies (Krutz 1992).

The relationship between the axial compressive strain and the loading time for the wet process
asphalt-rubber mixtures, is illustrated in Figure 7.1. At 25 °C testing temperature and with a

345 Kpa axial stress, the rate of axial compressive strain did dramatically increased after 2800
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load repetitions, and for mixtures with binder contents of 5.5 and 6.13%. This might be
probably due to the fact that the samples started to crack before test completion. Overall the
rate of axial strain increases with binder content at this temperature. The higher binder content
makes the sample softer and faster to deform and fail. The thicker coating film around the

aggregate particles makes the asphalt mixture more ductile and lowers the aggregates

interlock. decreasing thus mixture stiffness.

The relationship between the axial compressive strain and the loading time for the PlusRide II
rubber-filled mixtures is shown in Figure 7.2. The rate of axial strain increases with binder
content for both testing conditions (T= 25 °C, Stress = 345 Kpa and T = 40 °C, stress = 138
Kpa) Compared with the wet process, PlusRide II asphalt-rubber mixtures have higher axial
compressive strain under loading. This is probably associated with the aggregate gradation
(gap-graded for PlusRide II against dense-graded for wet process) and the presence of the
coarse rubber aggregate. These coarse rubber particles make the PlusRide II more flexible.

Also, the higher air voids (gap-graded gradation) create more axial compressive strain before

reaching failure.
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Table 7.1 Creep Test Results of Asphalt Rubber Mixtures

a. Wet Process

Testing Binder Axial Compressive Strain |
Temperature | Content (mm/mm)
(°C) (%) Middle Third Total Height
|
1 5.00 0.013107 | 0.016770
.25 5.50 0.024074 l 0.024863 |
6.13 | 0.021543 0.022193 |
| |
| 500 | 0.011657 0.012487 |
140 550 | 0.020507 0.025213 \
6.13 | 0.023053 0.026043 |
Note: three replicates n=3
b. PlusRide II
Testing Binder Axial Compressive Strain
| Temperature | Content (mm/mm)
) (%) | Middle Third | Total Height
; %
E{ 45 0.016167 ] 0.024000 |
L35 50 | 0.019333 | 0.022750 |
\ 55 | 0.021917 | 0.027500 |
| |
{ 45 | 0.008468 J‘ 0015458 ";
L 40 50 | 0.011046 | 0.015275 |
! 55 | 0.011833 | 0.017000 |

Note: three replicates n=3
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REPEATED-LOAD INDIRECT TENSILE FATIGUE TEST RESULTS

The MTS closed-loop system with the indirect tensile test frame was used in fatigue testing.
The testing temperature, 25 °C, was kept constant by using an environmental chamber. A
haversine repeated-load was used equal to about 17 % of INTS (1113 N. 220 Lb.. for the
wet process and 890 N, 200 Lb., for the PlusRide II asphalt-Rubber Mixture) was used with
| Hz load frequency and 0.1 second load duration. Seating load of 45 N (10 Lb.) was used
during testing for both the wet process and the PlusRide II samples. Two LVDTs were used
to monitor the deformation along the horizontal diameter of the tested samples. The results
were acquired using a data acquisition system with 5 Hz. sampling rate. The data were used to
calculate the fatigue life of the tested samples. Fatigue life is defined as the number of load

repetitions that creates a total permanent horizontal deformation of 0.1 in (2.3mm).

Fatigue life was evaluated for both mixtures, the wet process and the PlusRide II, at 25 °C
since the effect of binder content on fatigue is more pronounced at higher temperatures
(Geotzee 1990). This can be explained by crack initiation and crack propagation concepts. It
is believed that the growth in horizontal deformation at low temperature is almost negligible
umtil a certain point. Then the crack growth becomes suddenly chaotic that resuit in a
compiete failure. Meanwhile, the growth in horizontal deformation at higher temperature 1S
more gradual. Based on this, it may be concluded that the crack initiation s the major process
at low temperature and the crack propagation becomes more important as test temperature
increases. With this concept as a background, it can be concluded that the effect of air void
content (which is a function of the binder content) on fatigue life. at high temperature is more
pronounced than at low temperature (because at the higher temperawre the failure 1s
governed by crack propagation through the voids). But the difference in the air void content
may not influence the fatigue resistance at low test temperature because the failure is mainly

governed by the crack initiation process. That is why fatigue testing has been conducted at

elevated temperature, 25 °C.



The horizontal deformation during this test was plotted against the number of cycles, Figure
73. The horizontal deformation increased drastically after the failure criteria limit, (Kim
1991), 2.5 mm., 0.1 inch, of horizontal deformation. Increasing the asphalt content improves
fatigue life (to a certain point corresponding to the optimum binder), fatigue life then
decreases. In other words, decreasing the air voids, by increasing the binder content, will
provide resistance to the crack propagation up to a certain point after which any decrease in
the air voids (at higher binder contents) implies a softer asphalt mixture with higher
deformation. The PlusRide II asphalt-rubber mixtures proved to have higher fatigue lives since

the presence of coarse rubber particles makes the mixture more flexible under loading.

The relationship between the number of load repetitions to failure and the binder content for
both wet process and PlusRide II asphalt-rubber mixtures is illustrated in Figure 7.4.
Increasing the binder content has improved the fatigue life to certain limit (optimum) after
which fatigue life is reduced. Maximum fatigue lives are 3.75E+3 and 1.21E+4 for the wet
process and the PlusRide II, respectively. The binder contents for the maximum fatigue life are

5.6% and 5.2% for the wet process and the PlusRide II, respectively.
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Table 7.2 Fatigue Test Results of Asphalt Rubber Mixtures

a. Wet Process (Temperature = 25 °C and Load = 1113 N)

‘ Binder Content Number of Repetitions to Failure |
| (% bv Total Mix Weight) (Ng) \
L |
| 5.0 | 2.700E+3 i
B 5.5 i 3.714E+3 |
[ 6.13 | 3.098E+3 ]

Note: three replicates n =3

b. PlusRide [I (Temperature = 235 °C and Load = 890 N)

ij Binder Content Number of Repetitions to Failure

; (% by Total Mix Weight) (Np)

| !

\ 4.0 \ 7.368E+3 ]

| 4.5 9.799E~+3 B

[ 5.0 1 274E+4 |

| 5.5 1.069E+4 |

B 6.0 6.659E+3 |
Note: three replicates n = 3



Pennanen lorizontal Deformation (mim)

Permanent Horizontal Deformation (min)

7
T*‘ 4
6 i3
| 1
< ] NE
S - . 1
P T |
4 1 "' I
. I N
" |
: o' ) ‘\
’ r O'. Id ‘ . | !
; : } O o : y . . 1 }
2 — : i 4 L ‘ —
K i i ; " | i
i ;%A D/El’ ; ! ~—#——S:nder Content = 5.0% —
— A : — 0 — Bunder Content = 5.5% ——
{ : - - © - Binder Content = 6.13% ——
SE+3 1E+3 SE+3 AE-3 TE+3 SE+3
Number of Load Repetitions
a. Wet Process (T=25 °Cand Load = 1113 N)
8 ,
] L I
7 li ! ‘\ .‘ l J
l ' ! + ® ' ! | \ J
| i\ : N | \ \
T g 1 T .
i % | / sl dl 4 % | l
i : N ! ‘ U | . ‘ \
5 ! 4 1 N A ‘
hd l a
- ! 1[ .
+/ ] . A
4 . ——d—=a
; ! o A
| T 7 -
3 ! ? +/: X4 o ‘ | |
Vel N ————%:nder Content = 4.0%
r4 F A
2+ T s — O — Einder Content = 4.5% ———
! * «” /S'; o A ! .- A - Sinder Content = 5.0% ____|
, ‘1 ”ﬂ:_D//O' - : | — {3 - Binder Content = 5.5%
\ :_& T = ‘ — 0 — Einder Content = 6.0%
ST - : |
0 zl.o» |
0.0E+0 4 0E+3 8.0E+3 1.2E+4 1 6E+4 2.0E+4 24E+4

Number of Load Repettuons

b. PlusRide [I (T =25 ° C and Load = 890 N)
Figure 7.3 Permanent Horizontal Deformation versus Number of
Load Repentions



Number of Repetitions toFailure (N)

Number of Repetitions to Failure (N)

SE+3

4E+3

2E+3

1E+3

1.5E+4

1.3E+4

1.1E+4

9.0E+3

7.0E+3

5.0E+3

/ ; |
| a é
' | |
; |
1.0 45 5.0 5.5 6.0 6.5 7.0
Binder Content (%)
a. Wet Process (T =25 ° Cand Load = 1113 N)
| ] T |
| I |
* ! ‘ ! i i ‘ g
| IS N U N N |
\ i . | ' | | :
: . . | ;
| / N
l : ‘
x A ; :
| / N\
_/ | N\
Y | O\ ‘s
| ‘ 3
_/ R
| L
35 10 | 4.5 5.0 5.5 6.0 6.5

Binder Content (%0)

b. PlusRide II (T =25 ° C and Load = 890 N)

Figure 7.4 Fatigue Life versus Binder Content Relationship

177



CHAPTER 8. MIXTURE PERFORMANCE AND DESIGN
METHODOLOGY

INTRODUCTION

Mixture design establishes the proportion of binder to aggregate that produces a paving mixture
that will serve the longest time without serious pavement distress. Mixture design is often a
compromise between high stiffness, which ensures strength and resistance to permanent
deformation. and flexibility, which aids fatigue and fracture resistance. Several methods have been
developed over the vears to design asphalt mixtures. including Marshall. Hveem. Hubbard-
Field. and other unconfined compression test methods. The Marshall and Hveem methods
become the most popular. The Marshall method was developed by the Corps of Engineers in
an effort initiated at the US Army Engineer Tulsa District in the period 1941 to 1942 It
defines, as described in ASTM D-1559, the optimum asphalt content as the numerical average
of three asphalt contents that yield the maximum unit weight, the maximum stability, and the
selected level of air voids (3 to 5 percent). However, the Marshall criteria, (in terms of
compaction energy, maximum specific gravity determination, stability and flow acceptable
limits). for determining the optimum binder content are not adequate for the design of asphalt
mixtures under existing loading conditions and environments as concluded from the field
performance of the pavement. Because field mixture performance is not directly related to
properties measured with the Marshall method, efforts continue on developing performance

based mix designs. A brief description of the problems of the Marshall method of mix design
follows (Brown 1989).
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PROBLEMS RELATED TO THE CURRENT ASPHALT MIX DESIGN METHOD

When the Marshall test was developed hand compactors were used in samples
compaction. Mechanical compactors were subsequently developed. It has been reported
that hand operated hammers vield higher specimen density compared with the mechanical
hammers. At the present time. 23 States are using mechanical hammer: 1 State is using
hand operated hammer; and 14 States are using both. It is obvious that the density of the
prepared samples will be affected by the compaction hammer type (mechanical or manual),
and this will provide different optimum binder content, for the same matenals (aggregate

and binder). Density is one of the mixture design parameters in optimum binder

determination.

Today, the modern traffic levels and tire pressures have resulted in higher stresses imposed
in pavements, which has caused increased rutting, fatigue, and cracking. Dunng Marshall
specimens preparation, ASTM D-1559 recommend 35, 50, and 75 blows per each
specimen face for mixtures to be used in light, medium and heavy traffic, respectively.
However a wide disparity exists in the definition of what constitutes a heavy, medium or
light traffic. For example, average daily traffic (ADT) for heavy traffic ranges from 1000
to 10000 vpd. Some States use the number of equivalent 80.1 KN (18 kips) single axie
load for such categories. This concludes that the specified range in ASTM D-1559 for
specimen compaction does not reflect the actual loading conditions in the filed. For
example, a research project on the problems of Marshall mix design in the Middle East
resulted in the use of an alternative method of specimen preparation. The asphalt mixture
was designed according to the Marshall method, ASTM D-1559. Few months after
construction, the asphaltic concrete rutted seriously after the highway has been opened to
traffic. Investigation showed that good-quality aggregate had been used, the binder
content and gradations were close to that evaluated and specified by ASTM D-1559 and
project specifications, and the asphalt cement had a penetration of less than 60 (0.1 mm).
Cores were taken in the wheel paths and tested. The air voids were found to be virtually

zero in many cases. This concluded that compaction energy specified by Marshall does not
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represent the actual traffic loading conditions in the field. It is obvious that the density of

Marshall specimens is one of the accounted parameters in opumum asphalt content

determination.

ASTM D-1559 specifies the use of 101.6 mm (4 inches) diameter specimen molds for
mixes containing aggregate up to 25.4 mm (1 inch) maximum size. There is no provision

for binder or base course mixes which might contain aggregate of 38.1 mm (1.5 inch) or

£0.8 mm (2 inches) maximum size.

The theoretical maximum specific gravity of the mix is always used to analyze the void
parameters, such as air voids, voids in the mineral aggregate. and voids filled with asphalt
in compacted specimens. The test method used to determine this property varies between
the states. 30 States are using the Rice method (ASTM D-204), 6 states are using the
calculation method (using aggregate proportions and specific gravities), solvent immersion
method is being used by one state, and 1 state is using the Michigan method. Therefore,
different void parameters will be obtained for the same mixtures. Since the void content is

one of the parameters used in optimum binder evaluation by the Marshall method,

different designs may be obtained for the same matenals.

Stability and flow are the two measured asphalt mixture parameters used in Marshall
Stability is the maximum load carried by the specimen till failure. The Asphalt Institute
recommends a minimum stability of 2.25 KN (500 Ib) for Marshall specimen compacted
with 50 blows for medium traffic. Most of the states specify significantly higher minimum
values since 2.25 KN (500 Ib) is very low stability for today’s pavement loading
conditions. Also, Marshall stability 1is based on a constant stain test with 50.8 mm per
minutes loading rate, which does not simulate the actual loading conditions in the field,

(repeated load). Thus the actual loading of pavement mixture in the field is not directly

related to the laboratory measured parameters by Marshall.
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The Asphalt Institute recommends that the optimum asphalt content is defined by the
numerical average of the three asphalt contents that vield the maximum unit weight, the
maximum stability, and the selected air void (3 to 5 percent). Only 8 of the 38 States using
the Marshall method follow the Asphalt Institute recommendations. Actuaily the number
of parameters used by the states in selecting the optimum asphalt content varies from one
to five. The most commonly used parameters are: median air voids (28 States), maximum
stability (20 States), maximum unit weight (18 states), voids in the mineral aggregate (8
States), median flow (2 states), and 2 percent air voids, film thickness and stablity/flow
ratio (1 state). Uncommon bases in optimum binder content evaluation reflect that neither
one nor different combinations of Marshall parameters (stability, flow, density, air voids,

and voids in mineral aggregate) are adequate to design asphalt mixes with satisfactory field

performance.

In summary major shortfall of this empirical method, Marshall, is that its design criteria are

not based on the field loading and environmental conditions. Besides, the mixture
performance in the field is not directly related to the properties measured in the laboratory.
Effort of this study is to develop a procedure that integrates into mix design the structural
performance of the pavements. The philosophy of this mix design procedure is to design a hot
mix asphalt-rubber mixture based on the expected structural performance of the pavement

considering different distresses such as rutting, fatigue. creep, thermal cracking, moisture

damage, and subgrade deformation.

IMPROVED ASPHALT MIXTURE DESIGN TRENDS

With improvements in technology the concept of mix design evolved (Mahboub 1988).
Mixtures should be designed based on performance criteria. An improved mix design
procedure shall design an HMA that will provide a stiffness to protect the layers underneath,

and an adequate level of mix flexibility so as to resist the effects of repeated-loads. Once the

181



stiffness and flexibility properties are determined to be acceptable. the permanent deformation
potential of the mixture can be examined. Finally, the low-temperature fracture potential and
resistance to moisture damage will be evaluated based on the basis of the mix’s stiffness and
tensile strength. Although all distresses could be considered, the following five distresses.
resulting from load or environmental conditions. are believed to be the most important with

respect to reduction in serviceability and in asphalt pavement performance:

o Subgrade excessive deformation
e Fatigue cracking

¢ Rutting

e Thermal cracking

e \loisture damage

Figure 8.1 shows the steps of the mixture design method. Previous chapters discussed the

Marshall and performance testing results. Incorporation of pavement distress models in

asphalt mixes design is explained next.

PAVEMENT DESIGN

Asphalt mixes shall be designed to satisfy the application needs. Traffic volume is one of the
most significant factors affecting pavement distresses. Three different traffic levels (low.
medium, and high) are assumed in this analysis for examining the impact of different design
inputs in critical stresses and strains of the pavement structure. Based on this a thin, medium.

and thick pavement are designed, respectively. The total Equivalent Single Axle Load (ESAL)

numbers for these three traffic levels are shown in Table 8 1.
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a. Pavement Design

b. Analvtical Evaluation

c. Performance Prediction

Asphalt Pavement Structural

Design Inputs

Stress-Strain Analyvsis - Mixture

Properties & Behavior
Excessive Fatigue Low-Temp Moisture
Subgrade Cracking Rutting Cracking damage
Deformation

d. Mix Design & Performance

Evaluation

NMix
Parameters
Modification

No

Selection of Mix Design Criteria

%

Laboratory Evaluation

Acceptable Mixture Performance

Fine Tune Structural Design

Figure 8.1 Flow Chart For Mix Design Procedure
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Table 8.1 Assumed ESAL in 20-years Design Period

Traffic Level | ESAL \
Low 7x10° J
Medium 1.0x10’ \
High 1.4x10’ \

Other parameters affecting the structural design were kept constant. Standard deviation and
reliability levels were assumed 0.42 and 99% respectively. [nitial and terminal serviceability
indices were 4.5 and 2.5. respectively. Pavement drainage conditions for both base and
subbase layers were assumed excellent (m; = ms = 1). Average values for resilient modulus
and Possion’s ratio for each layer were assumed as shown in Table 8.2. The resilient modulus

for the asphalt surface layer was selected to represent an average value of asphalt mixtures.

Table 8.2 Layers Strength and Possion’s Ratio

b Layer Resilient Modulus ! Possion’s

\ Kpa (Psi) Ratio \
| |
\— Asphalt Surface 2.76 x 10° (4 x 10°) \ 0.35 \
( Base 483 x 10° (7 x 10% \ 0.40 j
r Subbase 2.07 x 10° (3 x 10%) \ 0.43 J
r Subgrade 4.14x 10* (6 x 10°) \ 0.46 1

The designed thickness. using the AASHTO method, are shown in Table 8.3. Also, Figure

8 72 illustrates with schematic drawings the thin. medium. and thick pavement structures.
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Asphalt Surface Course E=276x10" Kpa

(10.2 cm) u=035
Base Course E=43%3x10" Kpa
(33.0 cm) =040
Subase Course E=207x10" Kpa
(33.3 cm) uw=043
Subgrade E=414x10"Kpa
p=046
a. Thin Pavement
Asphalt Surface Course E=276x10" Kpa
{(11.4 cm) u=0233
Base Course E =483x10" Kpa
(33.0 cm) 0=040
Subase Course E=2.07x10" Kpa
(58.4 cm) p=043
Subgrade E=414x10"Kpa
n=046
b Medium Pavement
Asphalt Surface Course E=276x 10" Kpa
(12.7 cm) w=0233
Base Course E =433 x10" Kpa
(35.6 cm) L=040
Subase Course E=207x10" Kpa
(61.0 cm) n=043
Subgrade E=414x10"Kpa
p=046

¢. Thick Pavement

Note: E = Modulus of Elasticity
u = Possion's Ratio

Figure 8.2 Schematic Drawing and Thicknesses of Thin, Medium. and Thick Pavements
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Table 8.3 Pavement Thicknesses

L Layer \ Thickness. ¢m (inch) J
\ \ Thin Pavement Medium Pavement Thick PavememJ
f Asphalt Surface 10.2 (4.0) 11.4 (4.5) 12.7 (5.5)
r Base 33.0 (13.0) 33.0 (13.0) 35.6 (14.0)
\ Subbase 53.3(21.0) 58.4 (23.0) 61.0 (24.0)

ANALYTICAL EVALUATION

There are many models currently available that can be used to predict pavement performance.
Major inputs for these models are stresses and strains in pavement layers due to wheel
loadings. The ELSYMS software was used in the stress and strain analysis. A single tire load
of 40.05 KN (9000 Lb.) with tire pressure of 552 Kpa (80 psi) were employed in this
analysis. Base and subbase layers strength characteristics were kept constant during the
analysis for thin, medium, and thick pavements, Table 8 2. To investigate the effect of asphalt
layer strength on pavement performance. five different resilient modulus levels were used
(6.90x10°, 1.38x10°, 2.07x10%, 2.76x10°. and 3.45x10° Kpa). Also, the effect of subgrade
strength on pavement performance was taken into account during this analysis by examining
three different levels of subgrade strength, (weak. moderate, and strong), with resilient
modulus values of 2.41x10%, 4 83x10%, 1.03 x10° Kpa, respectively. Layers Possion’s ratio are

kept constant as in Table 8.2. The following parameters were calculated at different locations,

Figure 8.3:
e Vertical compressive strain at the top of the subgrade

e Horizontal tensile strain at the bottom of the asphalt layer

e Vertical compressive stress at the mid-depth of the asphalt layer
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Tables 8.4, 8.5. and 8.6 show the calculated parameters. The relationships setween asphalt

layer resilient modulus and these parameters are illustrated in Figures 8.4, 8.5. and 8.6.

Load (40.05 KN and 352 Kpa Tire Pressure)

Asphalt surtace Course E = Vanable

ol (6.90x10%. 1.38x10° 2.07x10",
2.76x10° . and 3.45x10° Kpa)

o2 u=Constant (0.35)
E = Constant (2.76 x10" Kpa}
i = Constant (0.40)

Base Course

Subbase Course E = Constant (2.07x10” Kpa)
i = Constant (0.43)
‘dubgraae *> E = Vanable

(2.41x10%. 4.83x10". and
1.03x10° Kpa)
u = Constant (0.46)

Note: E = Modulus of Elasticity
. = Possion's Ratio

Figure 8.3 Locations for Stress & Strain Analysis
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Table 8.4 Vertical Compressive Strain at The Top of the Subgrade

| Subgrade Mr Surface Mr i Vertical Compressive Strain at Subgrade \
’g Surface (mm/mm)
| Thin Medium |  Thick
Kpa (Psi) Kpa (Pst) | Pavement Pavement ! Pavement
|
6 90E+5 (1.0E+5) . 1880E-04 | 1.411E-04 | 1511E-04 |
| 2.41E~4 138E+6 (2.0E+5) = 1.780E-04 | 1.331E-04 | 1425E-04 |
| (350E+3) |  207E~6 (3.0E+5) ~ 1723E-04 | 1288E-04 | 1380E-04 |
2 76E+6 (40E+5) | 1685E-04 | 1260E-04 | 1350E-04 |
3 45E+6 (5.0E+5) | 1.657E-04 | 1.239E-04 | 1327E-04 |
!
- 6.90E+5 (1.0E+5) -| 1.509E-04 | 1167E-04 | 1.184E-04 |
4 83E+4 138E+6 (2.0E+5) | 1417E-04 | 1.096E-04 | 1.112E-04 |
(7.00E+3) 207E+6  (3.0E+5) | 1.368E-04 | 1058E-04 | 1.074E-04 |
276E+6 (4.0E+5) | 1335E-04 | 1032E-04 | 1048E-04 |
3.45E+6 (5.0E+5) | 1311E-04 | 1013E-04 | 1.028E-04 |
\i | 690E+3 (1.OE+5) | L.110E-04 | 9410E-05 | 8,636E-05J!
\\ 1.03E+S | 1 38E+6 (2.0E+5) . 1.045E-04 | 8.833E-05 | B8.098E-05 |
(1.50E+4) |  2.07E+6 (3.0E+5) . 1.008E-04 | 8.511E-05 | 7.800E-05 |
| 3 76E+6 (4 0E+5) | 9835E-05 | 8292E-05 | 7.595E-05 |
| 345E+6 (S.0E+5) | 9.647E-05 | 8.124E-05 | 7437E-05 |
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Vertical Compressive Strain at Subgradc

Vertical Compressive Strain at Subgrade Surface
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Table 8.5 Horizontal Tensile Strain at the Bottom of the Asphalt Surface Laver

Subgrade Mr Surface Mr Horizontal Tensile Strain at the Bottom of
Surface Laver (mm/mm)

Thin Medium Thick

Kpa (Pst) Kpa (Psi) Pavement Pavement Pavement

[ 690E+5 (10E+3) | 1921E-04 | 2.007E-04 | 2.039E-04
2414 | 138E+6 (20E-5) | 1930E-04 | 1932E-04 | 1892E-04 |
(350E<3) | 2.07E+6_ (30E~S) | 1835E-04 | 1796E-04 | 1725E-04 |
[ 2.76E+6  (40E-5) | 1729E-04 | 1667E-04 | 1581E-04 |
| 345E+6  (SOE+5) | 1630E-04 | 1.554E-04 | 1 460E-04 |
| [ 600E+s (LOE+5) | 1992E-04 | 2.072E-04 | 2098E-04§
4 83E+4 138E+6 (2.0E+5) | 1978E-04 | 1.975E-04 | 1.930E-04 |
(7.00E+3) 2.07E+6 (3.0E+5) | 1871E-04 | 1.827E-04 | 1753E-04 |
276E+6 (40E+5) | 1.75TE-04 | 1.691E-04 | 1.602E-04 |
| 345E+6 (S.0E+5) | 1652E-04 | 1.573E-04 | 1477E-04 |
2 [ 6O0E+5 (10E+3) | 2.059E-04 | 2.130E-04 | 2.149E-O4J\
103E-5 |  138E+6 (20E+S) | 2021E-04 | 2.012E-04 | 1963E-04 |
(150E-4) |  207E+6 (3.0E+5) | 1902E-04 | 1.853E-04 | 1775E-04 |
| 276E+6 (30E-S) | 1780E-04 | 1.710E-04 | 1 619E-04 |
[T 545E<6  (SOE+S) | 1670E-04 | 1387E-04 | 1489E-04 [
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Table 8.6 Verticul Compressive Stress at Mid-Depth of the Asphalt Layer

a. For different strength level

Subgrade Mr Surface Mr Vertical Compressive Stress at Asphalt
Laver Mid-Depth (Kpa)
Thin | Medium |  Thick
Kpa (Psi) Kpa (Ps1) Pavement ‘. Pavement ‘ Pavement
6.90E-5  (1.0E+5) 4948 | 4803 | 4665
2.41E+4 1.38E-6  (2.0E+5) 4693 | 4524 | 4376
(3.50E+3) 2.07E-6  (3.0E+%) 4510 | 4335 | 4185 |
2.76E~6  (4.0E+3) 4370 | 4194 | 4047 |
| 345E-6  (5.0E+3) 1257 ¢ 4082 | 3940 |
l |
6.90E-5  (1.0E+5) 4949 | 4804 | 4666 |
4 83E+4 138E-6  (2.0E+5) 4694 | 4525 | 4377 |
(7.00E+3) 2.07E-6 _ (3.0E+5) 4511 | 4398 | 4186 |
2.76E+6  (4.0E+5) 4371 | 4195 | 4048 |
345E~6  (5.0E+5) 4258 | 4084 | 3941 j
6.90E+5  (1.0E+5) 4950 | 4805 | 4667 |
1.03E+5 138E~6  (2.0E+5) 4695 | 4527 | 4378 |
(1.50E+4) 2.07E<6  (3.0E+5) 4513 | 4338 | 4188 |
2.76E~6 (4 0E+5) 13735 | 4197 | 4050 |
345E-6  (50E-5) | 4260 4086 | 3943 |

b. Average values for three levels of subgrade strength

( Surface Mr Vertical Compressive Stress at Asphalt J
Laver Mid-Depth (Kpa)
Thin Medium Thick
Kpa (Pst) Pavement Pavement Pavement J
6.90E+3 (10E+5) | 1949 | 4804 | 1666 |
1.38E+6 (DO0E+5) | 1694 | 4526 | 4377 |
| 2.07E+6 (30E+5) | 4511 | 4357 | 4187 |
2.76E=6 (40E~5) | 4371 | 4195 | 4048
3 45E6 (50E-3) | 4259 | 4084 | 3941
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Compressive Stress at Asphalt Layer Mid-Depth
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PERFORMANCE PREDICTION

Over the past two decades much progress was made in measuring fundamental mix properties
(such as resilient modulus. fatigue, and creep), and correlating them with mix parameters
(such as aggregate gradation. asphalt cement content. and mix air voids). Objective is always
to design asphalt mixtures based on expected pavement performance. Several models have
been developed to correlate pavement performance, in terms of rutting, fatigue and cracking
to asphalt mixture characteristics (resilient modulus, indirect tensile strength, creep, and
stiffness), pavement and environmental conditions (temperature, thickness, and moisture), and
traffic loading conditions (load magnitudes and repetitions). Models for pavement

performance prediction are summarized next. Based on early studies’ recommendations, these

models were sound and reliable in performance prediction.

a. Subgrade Excessive Deformation

Natural subgrade is the weakest layer in any pavement structure. So, it should be protected
from being overstressed from the above layers. A criterion should be incorporated in the
asphalt mix design to insure an adequate level of subgrade protection from high vertical
compressive stress and strain. Shell researchers developed an empirical model which was
reported by Monismith and Finn (1977) to correlate the number of 80.1 KN (18 Kips) axle
loads with the repeated vertical compressive strain at the top of the subgrade. A total
subgrade vertical deformation of 19.0 mm (% inch) was identified as a criterion for the

pavement failure. It was believed that a deformation higher than 19.0mm will seriously crack

and damage the pavement layers. Also, pavement strength and riding comfortability will be

decreased. This model was used in this analysis.

N\g =615% 107 ‘63_4
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Where:

N5 = Number of 80 1 KN\ axle passes that wiil cause 19 mm rutting in the

subgrade

g£s = Repeated vertical compressive strain at the top of the subgrade

Predicted total ESAL causing excessive subgrade deformation for different pavement
structure, subgrade strength, and asphalt layer resilient modulus are shown in Table 8.7. The

relationship between asphalt layer resilient modulus and predicted ESAL (for excessive

subgrade deformation) at different subgrade strength is illustrated in Figure 8.7.

Table 8.7 Predicted ESAL for Excessive Subgrade Deformation

Subgrade Mr Surface Mr N3 (ESAL) for Excessive Subgrade Deformalioﬂ
Thin Medium Thick

Kpa (Pst) Kpa (Psi) Pavement Pavement Pavement
[ 690E+S (1.0E+3) | 4.830E~08 | 1.552E+09 1.180E+09\]
2.41E+4 138E<6 (2.0E+5) | 6126E~08 | 1960E+09 | 1.491E+09 |
(3.50E+3) J07E+6  (3.0E+5) | 6.978E-08 | 2.235E=09 | 1.696E+09 |
276E<6 (40E+5) | 7629E-08 | 2.440E+09 | 1.852E+09 |
345E-6  (5.0E+3) | 8 158E-08 | 2 610E~09 | 1.983E+09 |
|
[ 6O90E-5 (1.0E+3) | 1.186E=09 | 3.316E-09 | 3 129E+09 |
483E+4 |  138E-6 (2.0E+3) | 1.525E-09 | 4262E~09 | 3 022E+09 |
(7.00E+3) | 2.07E=6 (3.0E+5) | 1756E-09 | 4908E~09 | 4622E+09 |
2.76E<6 (40E+5) | 1936E-09 | 5422E+09 | 5.098E+09 |
| 345E-6 (5.0E+5) | 2.082E-09 | 5840E~09 | 5.507E+09 |
|
[ 690E-3 (1L.OE=S) | 4.051E-09 | 7844E~09 | 1.106E+10 |
1.03E+5 | 138E~6 (2.0E+S) | 5.157E-09 | 1 010E-10 | 1.430E+10 |
(1.50E+4) | 207E=6 (3.0E+3) | 5957E-09 | 1172E-10 | 1661E+10 |
[ 276E-6 (4.0E+3) | 6.573E-09 [ 1301E=10 | 1.848E+10 |
345E~6 (5.0E+5) | 7101E-09 | 1 412E=10 | 2.010E+10 |

Note: Ny = Total 80.1 KN Equvalent Single Axle Load
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N, for Excessive Subgrade Delormation

N, for Excessive Subgrade Deformation
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N, lor Excessive Subgrade Deformation
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b. Farigue Cracking

A long term distress phenomenon considered by most design and evaluation procedures 1is
fatigue cracking. Based on laboratory and field data from the AASHTO Road Test. a model
was ceveloped to predict the fatigue life. generated by the number of 80.1 KN (18-Kips)

passes that caused 10 percent fatigue cracking in the wheel path area at the Road Test
(Monismith 1985). The model form is:

Log N;= 15.947 - 3.291 Log (&) - 0.854 Log (E'/10°)

Where:
N;= Number of 80.1 KN passes to fatigue failure
g, = Repeated tensile strain, mm/mm x 10° (inin x 10°)

= Complex modulus of asphalt mixture, psi, approximated in this study by

the resilient modulus, psi.

The failure fatigue strain was calculated, using the above model, at different levels of asphalt
layer resilient modulus for a range of ESALs, Table 8.8. The relationship between failure

fatigue strain and asphalt layer resilient modulus at different load application levels, Ny, is

iflustrated in Figure 8.8.

Table 8.8 Fatigue Cracking Prediction

Surface Mr Failure Fatigue Strain (mm/mm) for ESAL of
Kpa (Psi) 1E+5 ‘ 1E+6 \ 1E+7 \ 1E+8 1 1E+9 \ 1E-10

6.90E~4 (1.0E+4) ‘ 1.166E-03 5_794E-04 2.378E-04 | 1.430E-04 \ 7.103E-05 t 3.328E

6.90E~5 (1.0E+5) l6.417E—O4\|3.188E-04 138454)4{73665-03 3908E-05\1941E 5
1.38E~6 (2.0E+3) i3611~:4)4'|7 663E-04| 1.323 504\65711-:-05 3.264E-0>\1.622E-05\

2.07E+6 (3.0E+5) | 4.826E-04 \2 397E-041 1.191E-04 | 5.915E-05 | 2.938E-05 l 1.460E-05 |
2.76E~6 (4.0E+5) [ 4 478E-04 l2.225E-04 1.105E-04 | 5.490E-05 | 2.727E-05 | 1. 235E-05 |
3 45E-6 (5.0E+5) | 4.226E-03 |2.099E-04| 1.043E-04 | 5.181E-05 | 2.574E-05 ' 1.278E-05 |
5 52E-6 (8.0E+5) | 3.741E-04 |1.858E-04| 9.232E-05 | 4.586E-05 | 2.278E-05 ) 1.132E-05 1
Note: ESAL = Total 80.1 KN Equivalent Single Axle Load

Ll\
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¢. Rutting

Kim (1991) correlated the permanent deformation 1n the asphalt layer (rutting) to mxture

characteristics and traffic loading conditions with the following model:

0= (Cm Ho Ga\'g) / Smi.\‘

where:

(o]
il

reduction in asphalt layer thickness (rutting), mm

@)
3
1

correction factor for the so called dynamic effect, which takes into account the
difference between static (creep) and dynamic (rutting) behavior ( this factor depends
on the tvpe of mix and determined empirically). In this analysis 1t was assumed to be

equal to 1 since results from laboratory repeated-load creep testing will be used.
H, = Design thickness of asphalt layer under the moving wheel. mm

Saix = Value of mix stiffness, Kpa

Owe = vertical compressive stress, Kpa

In the development of rutting criteria, limiting values or levels of severty for rutting are being
specified. In this study, the limiting values for rutting were obtained from Federal Highway
Administration (Monismith 1985) = Rutting has been classified in severity levels of high,
medium, and low. The rutting limiting values are summarized in Table 8.9. For each rutting
level, the average rut depth was used with the above rutting model to estimate the mix
stiffness that will provide that level of distress, at the end of pavement design life, Table 8.10.
In developing the time-stiffness relationship, Figure 8.9, an initial mix stiffness (immediately
after construction, i.e. before opening the pavement to traffic) is needed. Initial mix stiffness

of 2.07E+6 Kpa (3.0E+3 psi) was assumed in this analysis based on the laboratory results.



Table 8.9 Rutting Severity Classification (After Monismith 1985)

Severnty Rut Depth, Average Rut Depth,
mm (inch) mm (inch)
Low | >6.35-12.7(0.25 -0 50) 95 (0.38) |
| Medium | >12.7-25.4(0.50 - 1.00) 19.1(0.75) |
| High \ > 25.4 (1.00) 254(100) |

Table 8.10 Asphalt Mix Stiffness at the End of the Design Life
- Pavement ‘ Surface Mr ]

Asphalt Mix Stiffness. (Kpa) |

Type | Kpa (Psi) | Low Rutting | Medium Rutting | High Rutting |
| i
" Thin | 207E+6_(3.0E+5)| 481E+3 | 241E+3 | 180E-3 |
" Medium | 2.07E+6 (3.0E+5)| 5.23E+3 [ 261E+3 | 196E-3 |
| Thick | 2.07E+6 (3.0E+5)| 558E+3 | 279E+3 | 2.09E-3 B
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d. Thermal Cracking Prediction

Thermal cracking results from the stresses created by different rates of thermal contraction
within the asphait-aggregate mixture (Von Quintus 1991). As the temperature decreases, the
asphalt layers will contract at a greater degree than the aggregate. This thermal induced stress
condition causes microcracks to form at the pavement surface. Microcracks, they have little or
no effect on pavement performance and may eventually heal. However, with repeated thermal
cycles and continuous vehicle loading, many of these microcracks grow into macrocracks.
Rapid deterioration results when macrocracks grow through the depth of the asphalt concrete
layer, thereby allowing water to penetrate into the base layer. This type of cracking needs
serious consideration when designing a mixture and it is difficuit to evaluate and predict. The
reason for this difficulty is related to the aging characteristics and viscoelastic properties of the
asphalt. Low temperature cracking resuits when the tensile stresses. caused by temperature
drop, exceed the mixture’s fracture strength. The rate at which thermal cracks occur is

dependent on rheological properties of the asphalt, the mixture properties, and environmental
factors.

Thermal cracking is predictable by using models based on empirical or statistical relationships
that relate cracking to asphalt and environmental parameters. To evaluate thermal cracking,
certain critical mixture properties, as well as project-specific environmental conditions, must

be measured. These mixture properties include indirect tensile strength, low temperature creep

modulus, failure strain and the thermal coefficient of contraction.

The thermal coefficient of contraction is usually equal to 1.25 x 10”° mm/mm for dense graded
asphalt mixtures. The mixture’s strength is measured using the indirect tensile strength test on
aged specimens, simulating the operational and environmental effects on the asphalt pavement.

Loads are applied at slow rates, 127 to 1.65 mm per minute in identifying models. The
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change in tensile stress. Ac (1), caused by a drop in temperature of the asphalt concrete

surface laver can be calculated with the following equation (Von Quintus 1991).
A0 (T)) = . (AT)) AEct

where oy is the thermal coefficient of contraction of the asphalt mixture (3.0 x 10° t0 5.4 x

10° mm/mm /°C); AT; is the change or drop in temperature, °C; and AEct is the change in

mixture stiffness (creep modulus) caused by a drop in temperature of AT;, Kpa.

The tensile strength and stiffness of a mixture can be measured at various temperatures using
slow loading rates and extended loading times, respectively. For most mixtures within a

reasonable temperature range, there is a relationship between stiffness and strength that can be

represented by (Von Quintus 1991):

log Ect (T;) =log E, + n, log S (T%)

where S, (T)) is the indirect tensile strength measured at temperature T; , Kpa ; E, is a
regression constant developed from the laboratory test data. n, is the slope of the relationship
between indirect tensile strength and total resiiient modulus of the mixtures measured of 5, 23,

and 40 °C; and Ect (T}) is the indirect tensile creep modulus measured at temperature T;

The stiffness and strength of the asphaltic concrete mixture vary with both temperature and
loading time, as the temperature decreases. The tensile strength is constant at a particular
temperature change, but the tensile stress decreases because of stress relaxation during a

constant strain test. The decrease in the thermal stress due to relaxation can be approximated
by (Von Quintus 1991):
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Gy (T,) =0y (AT) Eo(Tl) (tr)-nc

where n. is the slope of the indirect tensile creep curve at temperature T, ; EAT)) is the
intercept of the indirect tensile creep curve at temperature T;. Kpa: t, 1s the relaxation time,
and is assumed to be 3600 seconds for most examples: and AT is the crtical temperature
change at which cracking is expected to occur, °C. Obviously, measuring all of these
properties over a range of temperatures, including values less than O °C, is time consuming
and unpractical from a mixture design/evaluation point of view. Thus, the forgoing
relationships were combined and it was assumed that the slopes. at these lower temperatures

change at which cracking occurs can be estimated by the following equation.

AT =(Ect(T)/E)' ™ (1) / asEo(T)

Laboratory testing for low-temperature cracking evaluation was not conducted in this study
due to the limited time frame of this research. However, if conducted, the results of the
indirect tensile test for different binder contents (at variable temperatures, loading magnitudes

and rates) could be used in identifying the optimum binder content that provides indirect

tensile strength higher than the expected thermal stresses .

e. Moisture Damage

Moisture damage is a serious problem, particularly on high traffic highways (Ishar 1988).
Stripping (loss of adhesion) and softening (loss of cohesion) result as a consequence of the
damaging action of water. Loss of adhesion and cohesion will result in increased pavement
distress with corresponding loss of pavement performance. Stripping action can be initiated
from either the top or bottom of the pavement. If it initiates from the top, the raveling can be
spotted easily. When the stripping initiates from the bottom, it progresses rapidly and would
only be noticed at the advanced stage. Internal and external factors affect the stripping of

asphait ravement. Internal (mix) factors include aggregate and asphalt characteristics, mix



design, and component variations. The external factors include construction methods and

environmental effects.

Several concepts were developed for explaining the stripping phenomenon. Briefly, the
mechanical concept for explaining stripping assumes that the surface texture of the aggregate
is the main factor responsible for the mechanical adhesion. The surface energy concept studies
the wetting behavior of asphalt at the asphait-aggregate-water-air interface. The chemuical

concept assumes that a chemical reaction will take place between the aggregate and the

adsorbed binder in the presence of water.

Moisture damage can be evaluated using several laboratory testing methods. One of these
techniques is the retained strength (such as Marshall stability, indirect tensile strength, resilient
modulus, ....... other) of asphalt mixture. This test involves immersing asphalt samples in
water at different temperatures over a certain period of time. A schematic representation of

the durability curve (plot of the retained strength versus immersion time) is illustrated in
Figure 8.10.

The durability index (r) can be determined using the following equation:

1=n~1}

r= :E: (:; - :; - 1) / (tz— 1 h)

1=0

where i is the immersion time (in this study is 0. 1, 4, 7, and 14 days); S,.; is the percent
retained strength at time t,.,; S, is the percent retained strength at time t,; t, is the immersion
time (day); and n is the total number of immersion periods (1, 2, 3,....). For strength

measurements for a period of 14 days, the durability index is calculated as follows:
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r=(SFS:)1 = (S;-S)3 + (S4-S-)3 +(S~S,)/7

where Ss, S, Se, S-. and S are retained strengths at 0. 1, 4, 7, and 14 days, respectively. It
is obvious that positive values of (r) indicate strength loss while negative values show strength
gain. In terms of absolute values of the weighted loss in strength (R), the first durability index

(the sum of the slopes of the consecutive sections of the durability curve) can be defined as:
R=r1 So/ 100
where S, is the absolute value of the initial strength. The units of R are the same units as Sp .

The second durability index (a) is defined in terms of the average strength loss area enclosed

between the durability curve and the line S = 100 percent, see Figure 8.10.

1=n-1

a= 1/, xi(az)= V2t X 3 (8= S« )2 = (t+1i-1)]

From a previous study (Ishai 1988), it was concluded that the moisture damage may be
evaluated by immersion of asphalt mixture samples in water for 7 days. Thus, criteria can be
‘dentified so that the durability index at a specific temperature, and after a certain immersion

period (i.e. 7 days) is identified. Therefore. muxture design can be adjusted to meet such

durability index criteria.
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MIX DESIGN & PERFORMANCE EVALUATION

The necessary analysis for mixture performance prediction was discussed in the previous
section, Data from the prediction analysis may be compared against laboratory testing results
to design an asphalt mixture based on performance criteria. This section explains the steps on
how to satisfy the performance criteria for excessive subgrade deformation, fatigue cracking,

rutting, low temperature cracking, and moisture damage, during asphalt mixture design.

a. Protection Against Excessive Subgrade Deformation

a.1 Based on the pavement analysis, evaluate the required minimum resilient modulus
(Mr) for the asphalt mixture necessary to provide subgrade protection. Figure 8.7,

based on pavement thickness, total ESAL, and the subgrade strength.

a2 Based on the laboratory evaluation of the specific mixture, use the minimum Mr
from step a.1 to determine the binder content range (R), Figures 8.11 and 8.12,

for either the wet process or the PlusRide II, respectively.

2.3 Resilient modulus interpoiation may be used for other in-service pavement
-emperatures by conducting the laboratory Mr testing over a wide range of

temperatures so as to develop the relationship between Mr and the testing

temperatures for different binder contents.

b. Fatigue Cracking

b.1 From the pavement analysis. using the Mr-value from step (a.l), determne the

corresponding horizontal tensile strain generated at the bottom of the asphalt

t2
—
£



surface layer (g,), for the specific pavement thickness. and the subgrade strength.

Figure 8.5.

b.2 Based on the fatigue prediction model for asphalt mixture and using the same Mr-

value as in step (b.1) and the design ESAL, determine the fatigue failure honzontal

tensile strain, Figure 8.8.

b.3 Repeat steps (b.1) and (b.2) using different Mr-values until getting the fatigue

failure horizontal tensile strain (Figure 8 8) is equal to the horizontal tensile strain

from the pavement analysis (Figure 8.5)

b4 With the Mr-value from step (b.3), (where the horizontal tensile strain and the
fatigue failure tensile strain values are the same), estimate the binder content range

(Ro), using Figures 8.11 or 8.12, for either the wet process or the PlusRide II

mixes, respectively.

b.5 Resilient modulus interpolation may be used for other in-service pavement

temperatures.
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c. Rutting

c.1 Based on the rutting prediction model, determine the minimum mix stiffness (Sp),
after tne same continuation time of the laboratory creep test. necessary 1o prevent

the identified rutting severity level (low, medium and high, Table 8 9) from Figure

8.9 based on the specific pavement thickness.

¢.2 Using Sqy from step (c.1), and the mixture laboratory testing results, determine

the binder content range (R,), Figure 813, for either the wet process or the
PlusRide II mixes.

¢.3 Mix stiffness interpolation may be used for other in-service pavement temperature.

d. Low-Temperature Cracking

Although no laboratory results are available in this study to cover this mode of distress, the

steps are given as guidelines for future studies.

41 Based on the climatic region within which the pavement is placed. the low

temperature boundary limits need to be identified.

42 For different binder contents, determine the tensile strength using the indirect

tensile test at siow rates and variable temperatures. Construct the relationships

between binder content and mixture indirect tensile strength at differemt

temperatures.

4.3 At the corresponding low temperature limits, step (d.1) define the binder content

range (R,), using the relationships established in step (d.2).
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e. Moisture Damage

As explained earlier. moisture damage is another significant input in asphalt mix design. This
analysis involved immersing asphalt mixture samples (prepared according to the standard
Marshall method. ASTM D 1559, of mix design at 75 blows per face) in water at two
different temperatures. 25 °C, 60 °C (77 °F and 140 °F), and over a period of 14 days. Mr
testing may be used for asphalt mixtures moisture damage evaluation. For the 14-day period,
three samples were subjected to Marshall test after 0, 1, 4, 7, and 14 days. Stability, flow, and
stiffness were evaluated and shown in Tables 8.11 and 8.12 for the conventional and the wet
process asphalt-rubber mixtures. Durability indices were calculated and shown in Tables 8.13
and 814 for the conventional and the wet process mixtures, respactively. The incorporation of

moisture damage in asphalt mix design is summarized in the following steps:

e 1 Set the criteria for the allowable durability index based on the environmental

conditions in the region where the pavement will be placed (for example 60% loss

in stability or Mr with moisture exposure to specific days period).

e.2 From the laboratory results, Figures 8.14 and 8.15, define the binder content

range (R,) using the allowable level of durability index. step (e.1).

e.3 Interpolation may be used for other in-service pavement temperatures.

OPTIMUM BINDER CONTENT

The optimum binder content can be determined by the range method using each distress as the
vertical axis and percent binder content as the horizontal axis. Since asphalt mixture design 1s
a “balance” of the designed mixture properties for assuring specific performance requirements,

a vertical line may be drawn at the point where the binder content provides the acceptable



lower and upper limits for the different types of distresses. The mud point of the common

overlap may be selected as the optimum binder content, Figure 8.16.



Table 8.11 Moisture Effect on the Conventional Asphalt Mixtures

a. Immersion Temperature =25"C

Binder Content 5.00% 4.50% |
Immersion Stability | Flow | Stiffness { Stability | Flow | Stiffness
Time (Day) ANy |[©Bmm | N/mm) | () |(©023mm) (N/mm)

0 41620 | 23.94 | 5926 | 48165 | 21.34 | 6439
1 40807 | 26.23 | 5870 | 43478 | 2438 | 5847
4 40014 | 2611 | 5614 | 42311 | 25.07 | 5784 |
7 39705 | 28.66 | 5409 | 41481 | 27.04 | 5572 |
14 39398 [ 29.54 | 5147 [ 41012 [27.82| 5376 |
b. Immersion Temperature = 60 °C
[ Binder Content 5.00% 4.50% \
[mmersion | Stability | Flow | Stiffness | Stability | Flow | Stiffness
Time (Day) N) 70.25 mm) (N/mm)' N) (0.25 mm) (N/mm)J
| |
i 0 14931 | 15.28 | 6918 | 15090 | 1422 | 6944 |
{ 1 11432 | 1991 | 1918 | 11266 | 17.55| 2352 |
[ 4 11074 | 25.77 | 1469 | 10375 [ 1921 1946 |
7 10849 | 27.77 | 1282 | 9637 | 21.67| 1427 |
l 14 0868 | 23.04 | 1064 | 8772 |2287] 1216 |
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Table 8.12 Moisture Effect on the Asphalt-Rubber Mixtures (Wet Process)

a. Immersion Temperature =25 "C

§ Binder Content | 6.13% 5.00%
Immersion | Stability | Flow | Stiffness | Stability | Flow | Stiffness
Time (Dav) o) (0.25 mm) | (N/mm) (N)  [(025mm)) (N/mm)
—
! 0 | 31624 [ 25.24 | 3948 | 26643 | 19.75| 3641 |
| 1 | 31301 | 27.23 | 3893 | 25415 [ 19.82 | 3618 |
{ 4 | 30205 | 28.55 | 3768 | 24812 [20.04| 3575 |
| 7 | 30114 | 28.94 | 3603 | 23741 | 22.14| 3346 |
. 14 | 30049 | 29.46 | 3646 | 23008 [ 22.56 | 3227 |
b. Immersion Temperature = 60 °C
| Binder Content | 6.13% | 5.00% \
\ Irpmersion Stability | Flow | Stiffness \ Stability | Flow \ Stiffness
Time (Dav) (N) | ©@25mm)| (N/mm) (N)  [(025mm)| (N/mm)
|
0 | 9984 | 19.78 | 2059 | 10129 | 1341 | 2769 |
| 1 | 8950 | 16.66 | 1835 | 7321 |19.91| 1208 |
} 4 | 7983 | 23.98 | 1226 l 6738 |22.08 | 1057 |
| 7 | 7648 [ 2499 [ 1049 | 6095 [23.11]| 988 |
14 | 6750 | 26.58 | 973 | 5604 |2438] 903 |
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Table 8.13 Durability Indices for the Conventional Asphalt Mixtures

Temperature 25°C 60 °C
Stabilitv (N) Stuffness (N/mm) Stability (N) Stiffness (N/mm)
Binder 500 | 450 500 | 450 500 | 450 5.00 450
Content
Immersion
Time (Dav)
0 100 100 100 100 100 | 100 160 | 100
1 98 | 90 99 91 77 1 75 28 | 34
4 96 | 88 95 90 74 69 21 | 28
| 7 95 | 86 | 91 87 73 64 | 19 i 21
| 14 | 95 | 85 | 87 83 66 5§ | 15 | 18

Table 8.14 Durability Indices for the Asphalt-Rubber Mixtures (Wet Process)

Temperature 25°C 60 °C \
Stability (N) | Stiffness (N/mm) | _ Stability (N) | Stiffness (N/mm) |
Binder \ 613 | 500 | 613 | 500 | 613 | 500 | 613 | 5.00
Content \
| Immersion l §
\[ Time (Dav) | |
| o ] 100 | 100 100 100 100 | 100 100 | 100
1 | 99 | 95 99 99 9 | T2 89 | 44
| 4 | 96 | 93 95 98 80 | 67 60 | 38
7 195 | 89 | 9 92 77 | 60 51 | 36
14 ] 95 | 8 | 92 89 68 | 55 47 | 33 |

Rith)
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CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS

The effort of this study is to develop an asphalt mixture design technique that integrates the
structural performance of the pavement. The philosophy of this design procedure is to design a
hot mix asphalt mixture based on the expected structural performance of the pavement
considering different distresses such as subgrade deformation, fatigue, rutting, low-temperature
cracking, and moisture damage. Based on the comprehensive literature review, the laboratory

testing program results, and the analytical evaluation, the following conclusions can be drawn.

CONCLUSIONS

e The use of rubber in asphalt pavement materials is being investigated since the 1960’s.

Results of ongoing investigations identified improvements in material properties and
performance.

Based on the mixtures used in this study, The kinematic viscosity of non-aged rubber
asphalt binder increases during the first 45 minutes of blending. An equivalent effect was
observed on the penetration results with the standard needle or cone The effects of aging
indicated that a higher penetration and lower viscosity than non-aged samples. was obtained
for the same blending time. Shorter blending time, providing a partially reacted rubber and

asphalt, might be appropriate so that aging effects during production and laying operations
provides the desired binder properties and stiffness.

The Marshall optimum binder content was found to be 5.03, 6.13, and 5.0 percent by the

total weight of the mixture, for the conventional, the wet process, and the dry-process
asphalt rubber mixtures, respectively.
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The conventional mixture has about 1.6 times higher stiffness than the asphait rubber
mixtures indicating that modified mixtures may have a higher flexibility and consequently

may provide higher resistance to fatigue and low temperature cracking than the
conventional.

The modified mixtures (wet process and PlusRide II) have higher toughness than the
conventional mixture. Thus it is expected that asphalt rubber mixtures might be able to
absorb higher energy before failure than the conventional one. The maximum toughness of
the conventional mixture was found at an asphalt content of 5.1%, while for asphalt-rubber
mixtures, wet process and PlusRide II were observed at a binder content of 6.1% and 5.22%,

respectively, and close to the optimum asphalt contents evaluated using the standard
Marshall method of mix design.

The rate of absorbed energy increases with increasing the binder content up to certain limit
after which the rate of absorbed energy decreases. At Marshall optimum binder contents, the
rate of absorbed energy of asphalt rubber mixtures is higher than that of the conventional,

indicating that asphalt rubber mixtures have the ability to resist higher loading rates and

longer loading duration due to the increased mixture flexibility.

The results from the Marshall mix design method could be contemplated by considering
toughness and stiffness of the mixtures. The Marshall optimum binder contents, 5.03%,
6.13%, and 5.00% for the conventional, and the asphalt rubber mixtures; wet process and
PlusRide I respectively, are very close to the binder content corresponding to the
maximum toughness, (5.08%. 6.13%, and 5.10%. respectively). However, the binder
contents corresponding to the maximum stiffness were found to be 0.23%, 0.40%, and

0 18% lower than the Marshall optimum binder content for these muxtures.



e The maximum values for the indirect tensile strength for the wet process and PlusRide II
asphalt-rubber mixtures were obtained at about 6.09 % and 5.03% binder contents,

respectively. The static resilient modulus of PlusRide II is lower than that of the wet

process due to the larger size crumb rubber aggregate.

At the low level of testing temperature, 5 °C, load magnitude had no effect. The maximum
values of resilient modulus are within the range of 5.5% to 6.0% and 4.2% to 5.0% binder

content for the wet process and the PlusRide II.

The rate of axial strain increases with increasing binder content. Compared with the wet
process. PlusRide II asphait-rubber mixtures have higher axial compressive strain under
loading. This is probably associated with the aggregate gradation (gap-graded for
PlusRide II against dense-graded for wet process) and the presence of the coarse rubber

aggregate. These coarse rubber particles make the PlusRide II more flexible.

Fatigue life was evaluated at 25 °C since the effect of binder content on fatigue is more
pronounced at higher temperatures. Increasing the binder content has improved the

fatigue life to a certain limit (optimum) after which fatigue life is reduced. The binder

contents for the maximum fatigue life are 5 6% and 5.2% for the wet process and the

PlusRide II, respectively.

Vertical compressive strain at the top of the subgrade: horizontal tensile strain at the
bottom of the asphalt layer; and vertical compressive stress at the mid-depth of the

asphalt layer were investigated under three different traffic levels.

-

Subgrade excessive deformation. fatigue cracking, rutting, thermal cracking, and
moisture damage are the most critical pavement distresses. Sound and reliable models for

pavement performance prediction were used for defining the performance-based asphalt

mixture design methodology.
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¢ The optimum binder content of the performance-based methodology proposed herein can

be determined by the range method using each distress at the vertical axis and percent

binder content at the horizontal axis.

RECOMMENDATIONS

Additional investigation, using the SHRP testing methods, and with asphalt-rubber
binders using different rubber gradations, rubber contents, extender oils, and blending

conditions will fine-tune the criteria of asphalt-rubber binder preparation, storage, and

usage.

Testing different materials (aggregates, asphalt cements, crumb rubbers, extender oils)

with variable asphalt mixes (dense and open graded with surface and binder course

mixes) will assist in validating performance models.

Additional investigation with stiffness and toughness for enhancement of the standard

Marshall method of mix design is suggested.

Different testing conditions (testing temperature and load amplitude. frequency, and
duration) for the performance-related tests (resiiient modulus, fatigue, creep, low-

temperature cracking, and moisture damage) will provide more accurate performance

models.

Implementation of this design technique and field performance evaluation of constructed

test sections will add in the fine-tuning of the mix design method.
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